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WO 97/00892 PCT/US96/10695 

DEPIGMENTING ACTIVITY OF AGOUTI 
SIGNAL PROTEIN AND PEPTIDES THEREOF 

Background Of The Invention 
Mammalian melanocytes can produce two types of melanin, eumelanin 
(which is black and/or brown in color) and pheomelanin (which is red and/or yellow in 
color) (Prota, 1992; Ito, 1993a). Switching between these two types of melanins in 
5 follicular (i.e. hair bulb) melanocytes elicits a temporary shift from eu- to 

pheomeJanogenesis, which is responsible for the wild-type agouti pigment pattern of 
murine hair color; i.e. a yellow striped band against a black background on r arh hair 
shaft, as reviewed by Silvers (1979) and Hirobe (1991). This physiological switch is 
controlled by the agouti locus, which has recently been cloned (Buhman et aL, 1992; 

10 Miller et aL, 1993). The agouti locus-encoded protein is thought to be secreted by 
nonraelanocytic follicular cells (Silvers, 1958) and functions as an antagonist of the 
melanocyte-stimulating hormone (aMSH) receptor, which is expressed specifically by 
melanocytes (Lu et al, 1994). The recessive black mutation (nonagouti; a) at the agouti 
locus results in a nearly complete loss of agouti RNA which causes the constitutive 

IS production of eumelanin black hairs. In contrast, the dominant lethal yellow mutation 
(Ay/a) elicits the ubiquitous ectopic production of agouti RNA in nearly all tissues of 
the body and throughout the entire phase of the hair growth cycle, prompting the 
production of completely yellow pheomelanic hairs (Ito and Fujita, 1985; Duhl et aL, 
I994a,b). 

20 

For many decades, melanosomal proteins that regulate melanin 
biosynthesis have been studied and characterized, especially those required for . 
eumelanogenesis, as reviewed by Hearing and Tsukamoto (1991) and Hearing and King 
(1993). Tyrosine(EC 1.14.18.1), which is encoded at the a/£mo locus, is the essential 
25 enzymatic protein for both types of melanin formation. Tyrosinase is a trifimctional ^ 
enzyme with three catalytic activities: tyrosine to 3,4-dihydroxyphenyl»alanine (DOPA), 
the oxidation of DOPA to dopaquinone and the oxidation of 5,6-dihydroxlindole (DHI) 
to indole-5,6-quinone (Komer and Pawelek, 1982; Hearing, 1987; Tripathi et aL, 1992). 
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Other tyrosine-related proteins (TRP) have been shown to regulate eumelanogenesis 
cataryticafly at steps distal to tyrosinase. TOPI, encoded at the brown locus, functions 
as 5,6-dihydroxyindoIe-2-carboxyIic acid (DHICA) oxidase (rnnenez-Cervantes et al., 
1994; Kobayashi et al., 1994b) while TRP2, encoded at the slaty locus, functions as 
5 DOPAchrome tautomerase (EC5.3.2.3) (Barber et aL, 1984; Aroca et al., 1990; 
Tsukamoto et al., 1992; Jackson et al., 1992). The silver locus-encoded protein had 
been proposed to function in melanogenesis catalyticaOy within the melanosome, and 
although it has some limited homology to the tyrosinase-related proteins (Kwon et al., 
1991), it has been recently demonstrated to be a melanosomal matrix protein and to 
10 have none of the known melanogenic activities (Zhou et al., 1994; Kobayashi et al., 
1994a). The product of Vbs pink-eyed dilution locus is also a melanosomal protein that 
actively participates in the regulation of melanogenesis (Tamate et aL, 1989; Chhi et al., 
1993; Rosemblat et al., 1994). 

15 During pheomelanogenesis, the activity and expression of tyrosinase has 

been reported to be lower than that found during eumelanogenesis (Barber et al., 1985; 
Burchill et al, 1986, 1989; Lamoreux et al, 1986; Movaghar and Hunt, 1987; Tamate et 
al., 1989; Granholm et al., 1990; Kappenman et al., 1992). In addition to tyrosinase, 
thiols are essential to capture the dopaquinone made enzymatically by tyrosinase in order 

20 to produce the cysteinyldopas necessary for pheomelanogenesis (Figure 1). Subsequent 
cyclization and polymerization of cysteinyldopas in an uncharacterized series of 
reactions results in the production of the high molecular mass complex known as 
pheomelanin (Prota, 1992; Hearing and King, 1993; Ito, 1993a). The switch between 
eu- and pheomelanogenesis has been proposed to be regulated enzymatically primarily at 

25 the level of tyrosinase (Ito, 1993a). The potential roles of other melanogenic gene 

products during pheomelanogenesis, however, remain unclear, since there have been few 
studies about the expression and function of such proteins during pheomelanogenesis. 
To date, only the absence of DOPAchrome tautomerase activity in yellow mice has been 
reported (Barber et al., 1985), as has the absence of TRP1 mRNA expression in 
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pheomelanogenic mice (Thody and Burchill, 1992) and human melanoma cells (Del* 
Marroolet al, 1993). 

The present invention determines the transcriptional and translational 
5 levels of the expression and catalytic functions of tyrosinase, TRP 1 , TRP2 and the silver 
protein during pheomelanogenesis. The expression and melanogenic activities of those 
protons in hair bulbs of wild type agouti mice during their pheomelanogenic phase is 
also determined in the present invention. The present invention shows that TOPI, TRP2 
and the silver protein function specifically in eumelanogenesis and may play an important 
10 . role in the production of eumelanosomes. The down-regulation of expression of those 
proteins during melanogenesis is shown in the present invention using agouti signaling 
protein. 

Summary Of The Invention 

15 

The present invention is a biologically active peptide of the Agouti 
Signaling Protein which has depigmenting activity. 

The present invention is a method of down-regulating one or more 
20 melanogenic enzymes involved in melanin synthesis. 

The present invention is also the use of the Agouti signaling protein and 
biologically active peptides thereof in methods of inhibiting melanin synthesis. 

25 A further aspect of the invention is the treatment of hyperpigmentary 

conditions and diseases using an effective amount of agouti signaling protein or peptides 
thereof 
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Another aspect of the invention is a pharmaceutical composition of 
agouti signaling protein or biologically active peptides thereof and a pharmaceutical^ 
acceptable carrier. 

5 The present invention is also a method for screening for biologically 

active peptides of the agouti signaling protein and other compounds useful in inhibiting 
melanin synthesis. 

Brief Descri ption Of The Fifflil Tif 

10 

These and other objects, features, and many of the attendant advantages 
of the invention will be better understood upon a reading of the following detailed 
description when considered in connection with the accompanying drawings wherein;. 

15 Figure 1 shows the euraelanin and pheomelanin biosynthetic pathway. 

Figure 2 shows analysis of melanogenic proteins expressed by hair bulb 
melanocytes of newborn lethal yellow and black mice. A 20 pg sample of protein from 
extracts of hair bulbs of 10 day newborn lethal yellow or black mice (or mdan-a cells) 

20 were electrophoresed in SDS/polyacrylamide gels, transferred to membranes and 

analyzed for melanogenic proteins by western immunoblotting, as detailed in Materials 
and Methods. Skin tissues in organ culture (or melan-a cells) were labeled with 
[^methionine for 4 hours, solubilized and immunoprecipitated by antibodies noted, 
separated by SDS-PAGE, dried and fluorographed, as detailed in Materials and 

25 Methods. 



Figure 3 shows Northern blot analysis ofRNAs present in hair bulb 
melanocytes of newborn lethal yellow, black and agouti mice. roRNAs from hair bulbs 
of 10 day newborn lethal yellow, black and agouti mice were isolated and 
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electrophoresed (2 ^g/Iane), transferred to nylon membranes and repeatedly hybridized 
with "P-labeled probes for tyrosinase, TRP1, TRP2 and silver protein or GAPDH 
(glyceraldehyde-3 -phosphate dehydrogenase), as detailed in Materials and Methods, s, 
• Svedberg units. 

5 

Figure 4 shows expression of melanogenic proteins in regenerating hair 
bulbs of lethal yellow and black mice. Anagen growth hairs were induced by plucking 
the dorsal telogen hairs of 2-month-old sibling lethal yellow and black mice. Seven I cm 
x 1 cm squares on each mouse were randomly plucked at 0 (immediately before), 2, 4, 6, 
10 8, 10 and 12 days before sacrifice. Dorsal skin samples were collected from 3 mice of 
each genotype, sohibilized and analyzed by western immunoblotting, as detailed for Fig. 
2; 30 pg protein was separated in each lane. 

Figure 5 shows expression of melanogenic proteins in dorsal skins of 
15 newborn agouti (A/A) mice. Dorsal skins were collected from 3, 5, 7, 9 and 1 1 day 
newborn agouti mice, sohibilized and analyzed by western immunoblotting, as detailed 
for Fig. 2; 30 t*g protein of each dorsal skin extract (10 of the melan-a cell extract) 
were separated in each lane. 

20 Figures 6 A and 6B show expression of melanogenic proteins of dorsal 

skins of agouti (A/a) and black (a/a) mice. Expression of melanogenic proteins in dorsal 
skins of 5 and 1 1 day newborn sibling agouti and black mice was examined using 
western immunoblotting, and metabolic labeling and immunopreciphation, as detailed in 
Materials and Methods. (Figure 6A) Proteins in extracts of dorsal skins of agouti and 

25 black mice were sohibilized and analyzed by western immunoblotting, as detailed for 
Fig. 2; 40 fig protein of each dorsal skin extract (10 jig of the melan-a cell extract) was 
separated in each lane. (Figure 6B) Skin tissues in organ culture was labeled with 
[ )5 S]methionine for 6 hours, sohibilized and analyzed by immunoprecipitation, as 
detailed in Materials and Methods. 
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Figures 7A and 7B show the Northern blot analysis of RNA levels of 
tyrosinase and GAPDH from melan-a cells cultured in the presence of various 
concentrations of agouti protein (Fig. 7A) and cultured in the presence of lOnMof 
agouti protein for 1, 2 or 4 days (Fig. 7B). 

5 

Figures 8A and 8B show the ukrastructure of melan-a cells grown for 
five days in the presence of lOnM agouti protein (Fig. 8B) or in the absence of agouti 
protein (Fig. 8 A) (mag x8000). 

10 Figure 9 shows the Northern Wot analysis of RNA levels of tyrosinase, 

TRP I, TRP 2, MSH-R, and GAPDH from melan-a cells cultured 1 day in the presence 
of various concentrations of agouti protein or in the absence of agouti protein. 

Figure 10 shows the Northern blot analysis of RNA levels of tyrosinase, 
15 TRP 1, TRP 2, MSH-R and GAPDH from melan-a cells cultured 5 days in the presence 
or absence of lOnM MSH, in the presence or absence of IOnM agouti protein, or in the 
presence of both MSH and agouti protein. 

Figure 1 1 shows the results of metabolic labeling of immunopredpitation 
20 of tyrosinase, TRP 1 and TRP 2 protein from melan-a cells cultured 5 days in the 

presence or absence of IOnM MSH, in the presence or absence of IOnM agouti protein, 
or in the presence of both MSH and agouti protein. 

Figure 12 shows the Western blot of tyrosinase, TRP 1 and TRP 2 
25 protein from melan-a cells cultured 5 days in the presence or absence of IOnM MSH, in 
the presence or absence of IOnM agouti protein, or in the presence of both MSH and 
agouti protein. 
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Figure 13 shows the Northern blot analysis of RNA levels of tyrosinase, 
TRP 1, TOP 2, MSH-R and GAPDH from melan-a cells cultured 5 days in the presence 
or absence of lOnM MSH, in the presence or absence of lOnM agouti protein, or in the 
presence of both MSH and agouti protein. 

5 

Detailed Desc ription Of The Invention 

The present invention is a physiological extrinsic inhibitor of 
melanogenesis in mammals. An inhibitor of melanogenesb of the present invention is a 

10 protein and peptides thereof that inhibit the production of melanin. A preferred inhibitor 
of melanogenesis of the present invention is agouti signaling protein and biologically 
active peptides thereof. Thus, the invention is a method of treating a 
hyperpigmentary condition in a subject, comprising administering to the subject the 
agouti signaling protein or a biologically active peptide thereof The agouti signaling 

15 protein and peptides thereof are useful for cosmetic purposes and for dinical application 
in the prevention or treatment of various hyperpigmentary conditions and diseases. 
Such conditions or diseases include but are not limited to melasma photoaging spots, 
solar keratosis, and post-inflammatory hyperpigmentation such as occurs at sites of 
wound healing. 

20 

Polypeptide and peptide are terms used interchangeably herein to 
designate a linear series of amino acid residues connected one to the other by peptide 
bonds between the alpha-amino and carboxy groups of adjacent residues. The 
polypeptide and peptide may be a synthetic peptide or potypeptide, recombinant peptide 
25 or recombinant polypeptide or a peptide or polypeptide derived from enzymatic cleavage 
of the naturally occurring full length proteia 
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Synthetic peptide refers to a chemically produced chain of amino add 
residues linked together by peptide bonds that is free of naturally occurring proteins and 
fragments thereof. 

5 As used herein, the phrase "agouti signaling peptide' refers to a 

polypeptide or peptide having an amino acid residue sequence that comprises an amino 
add residue sequence that corresponds, and preferably is identical, to a portion of the 
murine agouti signaling protein or the human homolog. The amino add residue 
sequence of the mature murine agouti signaling protein is disclosed in Miller et al Qsss 
10 ^ . Development 7:454-467, 1993 and is fisted as SEQ ID NO: 1. The amino add 
sequence of the mature human homolog to the agouti signaling protein is disdosed in 
Wilson, B.D. et al Human Mol, famafa 4(2):223-230. 1995 and is listed as SEQ ID 
No: 2. A peptide of the present invention has the capacity to inhibit the production of 
melanin. 



15 



Amwti. Siffial Protein (13 1 residues for murine) 

signal sequence - • * 

LEU^YS-PH&raE-THR-VA^^ 
LEU^YS-PHE4>HE-THR.AUV-A^ 



THR-LEU^LY-ASP-ASP-ARO-SER4£U.ARG^ER*ASP^ER^ER.|^- 

LYS-l£U.ARG-ASP.ASP«ARO-SER.LEU.ARG-SER.ASP.SER-SER-VAL- 
* • - basic region - * 

ASN-SER-LEU-ASP-PHE-SER-SK^ 
ASN-I^-^-ASP.VAI^PR^^ 

LYS-LYS-SER4*YS-LYS-ILE-SER-ARG-LYS^LU-ALA-aU-LYS-ARO- 
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LYS-LYS-SER-LYS-GLN-ILE-OLY-ARO-LYS-ALA-ALA-GLU-LYS-LYS- 



lys-arg-^^-ser-lys-lys-lys-ala-ser-met*lys-lys*val-ala- 
arg-ser-ser-lys-lys-glu-ala-ser-met-lys-lys-val-val* 

aro-pro-prcvpro-pro-ser-prcm:ys-val-ala-thr*arg-asp.ser. 

AR04>RO-FRC^PRO-re<>SER4^ 

|— cysteine rich motif- - * 

cys-lys-prc^pro-aia-pro-aia-cys^:ys-asp*pro-cys-ala-ser. 
cys4.ys^ro-prc^ala-pro-ala^:ys-cys-asp-pro<;ys-ala-ser. 

CYS^E14^YS-ARG.PHE-PHE^Y.SER-AIj\^YS.THR-CYS.ARO-VAL- 
CYS^LN^YS-ARC^PHE-PHE^Y-ARO-Al^^YS-SER^YS-ARG-VAL- 

LEU-ASN-PRO-ASN-CYS-COjH 
I^-SER-LEU-ASN-CYS-CO,H 



♦Difference 

An agouti signaling peptide of the present invention is derived from a base 
region or portion thereof a cysteine rich region or portion thereof or a combination of a 
basic region and a cysteine rich region. 

5 An agouti signaling peptide of the present invention is preferably no more than 

about 131 amino acid residues in length for reasons of ease of synthesis and ability to 
direct the inhibition. Thus, it is more preferred that an agouti signaling peptide be no 
more than about 109 amino acid residues, still more preferably no more than about 50 
residues, and most preferably less than 20 amino add residues in length. In one 

1 0 embodiment, an agouti signaling peptide of the present invention has about 5 to about 
10 amino acid residues and has the ability to inhibit melanin production. 

The invention is a purified biologically active peptide of the agouti signaling 
protein which has the following characteristics: (a) the peptide has depigmenting activity 
1 5 due to its ability to inhibit the production of at least one melanin; (b) the peptide has at 
least one region selected from the group consisting of: (i) at least one basic region 
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derived from the full length agouti signaling protein or a portion thereof, and (H) a 
cystdne rich region derived from the full length agouti signaling protein or a portion 
thereof, (c) the peptide has a minimum length of at least about 5 amino acid residues but 
has a maximum length selected from the group consisting of (i) no more than about 131 

5 amino acid residues; 00 no more than about 109 amino acid residues; (5i) no more than 
about 50 amino acid residues; fiv) no more than about 20 amino add residues; and (v) 
no more than about 10 amino add residues; and wherein said agouti signaling protein is 
optionally coupled to a molecule which would fadlitate its transport into cells. In a 
specific embodiment, the agouti signaling protein having these characteristics and a 

10 maximum length of no more than about 13 1 amino acid residues is provided. In a 
further specific embodiment, the agouti signaling protein has a maximum length of no 
more than about 1 09 amino add residues. 

In one embodiment, an agouti signaling peptide of the present invention has a 
1 5 length of no more than about 109 amino add residues and includes an amino add 

residue sequence or biologically active portion thereof represented by the formula; 

His-Leu-Ala-Leu-au-Glu-Thr-Loi- 

Gly-Asp-Asp-Arg-Ser-Leu-Arg-Ser- 

Asp-Ser-Ser-Met-Asn-Ser-Leu-Asp- 
20 Phe-Ser-Ser-Val-Ser-ne-Val-Ala- 

Loi-Asn-Lys-Lys-Ser-Lys-Lys-Ile- 

Ser-Arg-Lys-Glu-Ala-Glu-Lys-Arg- 

Lys-Arg-Ser-Ser-Lys-Lys-Lys-Ala- 

Ser-Met-Lys^Lys-Val.Ala.Arg.Pro (SEQ ID NO:3). 

25 

In another embodiment an agouti signaling peptide of the present invention has a 
length of no more than about 109 amino add residues and includes an amino add 
residue sequence or biologically active portion thereof represented by the formula: 
His-Leu-Pro-Pro-Ghi-Glu-Lys- 
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Leu-Arg-Asp-Asp-Arg-Ser-Leu- 

Arg-Ser-Asp-Ser-Ser-Val-Asn- 

Leu-Lai-Asi>-Val-Pro-Ser-Val- 

Ser-Dc-Val-Ala-Leu-Asn-Lys- 
5 Lys-Scr-Lys-Gln-IIe-Gly-AiB- 

Lys-AIa-Ala-Ghi-Lys-Lys-Arg- 

Ser-Ser-Lys-Lys-Ghi-Ala-Ser- 

Met-Lys-Lys-Val-Val-Arg-Pro (SEQ ID NO:4) 

In another embodiment an agouti peptide of the present invention has a length of 
10 no more than about 109 amino acids, preferably less than about SO amino acids, and 

includes an amino acid sequence or portion thereof represented by the formula: 

Pro-Pro-Pro-Ser-Pn><ys-Val-Ala-Thr-Arg- 

Asp-Ser-Cys-Lys-Pro-Pro-Ala-Pro-Ala- ' 

Cys-Cys-Asp-Pro-Cys-Ala-S«--Cys- 
15 On-Cys-Arg-Phe-Phe-Gly-Ser-AIa. 

Cys-Thr-Cys-Arg-Val-Leu-Asn-Pro- 

Asn-Cys (SEQ ID NO:5) 

In another embodiment an agouti peptide of the present invention has a length of 
20 no more than about 109 amino acids, preferably less than about SO amino adds and 
includes an amino acid sequence or portion thereof represented by the formula: 
Pro-Pro-Pro-Ser-Pro-Cys-Val-Ala-Thr- 
Asn-Asp-Ser-Cys-Lys-Pro-Pro- Ala- 
Pro- Ala-Cys-Cys-Asp-Pro-Cys-Ala- 
25 Ser-Cys-Gln-Cys-Arg-Phe-Phe-Gly-Arg- 
Al a-Cys -S er-Cy s -Ar g-Val -Leu-S er- 
Leu-Asn-Cys (SEQ ID NO: 6) 

In one embodiment, a preferred agouti signaling peptide includes at least one 
30 amino add residue sequence or portion thereof represented by SEQ ID NO:3 or SEQ 
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ID NO:4 and includes at least one amino acid residue sequence or portion thereof 
represented by SEQ ID NO:5 or SEQ ID NO:6 or combinations thereof. 

Other exemplary peptides of the invention include but are not limited to peptides 
5 having an amino acid residue sequence selected from the group consisting o£ 

His-I^-Ala-Leu^u^u-Thr-Leu-Gly-Asp (SEQ IDNO:7); 

Ks-Iu^-Pn>-Prc^ (SEQIDNO:&); 

Asp-Aig-Ser-Leu-Arg-Ser-Asp-Ser-Ser-Met (SEQ IDNO:9); 

Asp-Arg-Ser-Leu-Arg-Ser-Asp-Ser-Ser-Val (SEQ ID NO: 10); 
10 Asn-Ser-Leu-AsiKiPhe-Ser-Ser-Val-ne.Val (SEQ ID NO:l 1); 

Asiv-Lai-Leu-Asp-Val-Pro-Ser-Val-Ile-Val (SEQ ID NO:12); 

Ala-Leu-Asn-Lys-Lys-Ser-Lys-Lys-Ile-Ser (SEQ ID NO: 13); 

AIa-Loi-Asn-Lys-Lys-Sa , -Lys-Gln-Ile-Gly (SEQ ID NO: 14); 

Arg-Lys-au-Ala-Glu-Lys-Arg-Lys-Arg-Ser (SEQ ID NO: 15); 
15 Arg-Lys-Ala-Ala-Glu-Lys-Lys Arg-Ser (SEQ ID NO: 16); 

Ser-Lys-tys-Lys-Ala-Ser-Met-Lys-Lys-Val (SEQ ID NO: 17); 

Ser-Lys-Lys^Hu-Ala-Ser-Met-Lys-Lys-Val (SEQ ID NO:18); 

Ala-Arg-Pio-Pro-I^Pro-Ser-Pro^Cys-Val (SEQ ID NO: 19); 

Val-Arg-Pro-Pro-Pro-Pro-Ser-Pro-Cys-Val (SEQ ID NO20); 
20 Ala-Thr-ArH-Asp^er^rs-Lys-Pro-Pro-Ala (SEQ ID NO:21); 

Aia-Thr-Asn-Asp^er^r^Lys-Pro-Pro-Ala (SEQ ID NO:22); 

Pro-Ala^s^ys-Asp-Pn>Cys-Ala.Ser-Cys (SEQ ED NO:23); 

Pro-Ala^ys-Cys-Asp-Pro-Cys-Ala-Ser-Cys (SEQ ID NO:24); 

an^s-Arg-Phe-Phe-Gly-Ser-Ala-Cys.Thr (SEQ ID NO:25); 
25 Gln-Cys-Arg-Phe-Phe-Giy-Arg-Ala-Cys-Ser (SEQ ID NO:26); 

Cys-Arg-Val-Leu-Asn-Pro-Asn^ys (SEQ ID NO:27); 

Cys-Arg-Val-Leu-Ser-Leu-Asn-Cys (SEQ ID NO:28); 



SUBSTITUTE SHEET (RULE 26) 



WO 97/00892 



PCT/US96/10695 



13 

repeating sequences and combinations of one or more of the sequences thereof having 
the ability to inhibit the production of at least one melanin. The peptides may be 
screened for inhibitory activity using the methods described herein. 

5 Due to the three dimensional structure of a native folded agouti signaling 

protein, multiple regions of agouti signaling protein may be involved in inhibiting 
melanin production. Thus, in another embodiment, the invention contemplates agouti 
signaling peptide compositions that comprise one or more of the different agouti 
signaling peptides described above, admixed in combinations to provide simultaneous 
10 inhibition of melanin. Similarly, mosaic polypeptides comprising two or more of the 
agouti signaling peptides, linked by other than the normal intervening amino acid 
sequences is also contemplated. 



It should be understood that a subject peptide need not be identical to the amino 
IS add residue sequence of SEQ ID NO: 1 or 2 so long as it includes the required sequence 
and is able to inhibit the production of at least one melanin as described herein. 

A subject polypeptide includes any analog, fragment or chemical derivative of a 
polypeptide whose amino acid residue sequence is shown herein so long as the 

20 polypeptide is capable of inhibiting the production of at least one melanin. Therefore, a 
present polypeptide can be subject to various changes, substitutions, insertions, and 
deletions where such changes provide for certain advantages in its use. 

The term "analog" includes any peptide having an amino acid residue sequence 
substantially identical to a sequence specifically shown herein in which one or more 

25 residues have been conservatively substituted with a functionally similar residue and 
which displays the ability to inhibit the production of melanin as described herein. 
Examples of conservative substitutions include the substitution of one non-polar 
(hydrophobic) residue such as isoleucine, valine, leucine or methionine for another, the 
substitution of one polar (hydrophilic) residue for another such as between argtnine and 
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10 



15 



20 



25 



lysine, between glutamine and asparagme, between glycine and serine, the substitution of 
one basic residue such as lysine, arghnne or histidine for another, or the substitution of 
one acidic residue, such as aspartic add or glutamic acid for another. 

The phrase •conservative substitution" also includes the use of a chemically 
derivatized residue in place of a non-derivatized residue provided that such peptide 
displays the requisite inhibitory activity. 

-Chemical derivative' refers to a subject peptide having one or more residues 
Aeaac^detM^\vttaxAonofa.(ixacdona&degnup. Such derivatized 
molecules include for example, those molecules in which free amino groups have been 
derivatized to form amine hydrochlorides, p-toluene sulfonyl groups, carbobenzoxy 
groups, t-butyloxycarbonyl groups, chloroacetyl groups or formyl groups. Free 
carboxyl groups may be derivatized to form salts, methyl and ethyl esters or other types 
of esters or hydrazides. Free hydroxy! groups may be derivatized to form O-acyl or O- 
aDcyl derivatives. The imidazole nitrogen of histidine may be derivatized to form N-im- 
benzylhistidinc. Also included as chemical derivatives are those peptides which contain 
one or more naturally occurring amino acid derivatives of the twenty standard amino 
adds. For examples: 4-hydroxyproline may be substituted for proline: 5-hydroxylysine 
may be substituted for lysine; 3-inetbJynistidine may be substituted for histidine: 
homoserine may be substituted for serine; and ornithine may be substituted for lysine. 
Peptides of the present invention also indude any peptide having one or more additions 
and/or deletions or residues relative to the sequence of a peptide whose sequence is 
shown herein, so long as the requisite activity is maintained. 

The term -fragment" refers to any subject peptide having an amino add residue 
sequence shorter than that of a polypeptide whose amino add residue sequence is shown 
herein. 
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• When a peptide of the present invention has a sequence that is not identical to 
the sequence of agouti signaling protein, it is typically because one or more conservative 
or non-conservative substitutions have been made, usually no more than about 30 
percent, preferably no more than about 20 percent, and more preferably no more than 
5 about 10 percent of the amino acid residues are substituted. Additional residues may 
also be added at either terminus for the purpose of providing a Tinker" by which the 
peptides of this invention can be conveniently affixed a carrier. 

Carrier molecules may be used to provide stability to the peptide of the present 
10 invention and/or may be used to target the peptide to a particular she or a particular 
target cell. For example, the earner may be a melanocyte receptor or melanocyte 
specific ligand that targets the agouti peptide to melanocytes. In another embodiment, 
the carrier is an auxiliary peptide which can facilitate delivery of the peptide to the target 
cells. An example of such a peptide is Penetratin sold by Appligene, a division of Oncor. 
1 5 The peptide is patented and has 16 amino adds. Other carrier molecules comprising 
peptides, sugars, lipids, etc. can be joined to the agouti signaling protein or peptides 
thereof to facilitate delivery to a target cell, improve stability or provide other useful 
functions. 

20 In one embodiment a more stable derivative of the agouti signaling peptide is 

synthesized by protocols as described by Hadley, M.E. ct al Endocrine fre$, 1 1(3-4)1 57- 
170, 1985, 

Amino acid residue linkers may be used to link the agouti peptide to the carrier 
25 molecule and are usually at least one residue and can be 40 or more residues, more often 
I to 10 residues. Typical amino acid residues used for linking are tyrosine, cysteine, 
lysine, glutamic and aspartic acid, or the like. In addition, a subject peptide can differ, 
unless otherwise specified, from the natural sequence of agouti signaling protein by the 
sequence being modified by teraunal-NH 2 acylation, e.g., acetylation, or thioglycolic 
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add amidarion, by terminal-carboxylamidation, eg., with ammonia, methylatnine, and 
the like. 

Any peptide of the present invention may be used in the form of a 
5 pharmaceutical^ acceptable salt Suitable acids which are capable of forming salts with 
the peptides of the present invention include inorganic acids such as hydrochloric acid, 
bydrobromic add, perchloric add, nitric add, thiocyanic add, sulfuric add, phosphoric 
add, acetic add, propionic add, glycolic add, lactic add, pyruvic acid, oxalic add, 
malonic add, succinic acid, maldc add, fitmaric add, anthranilic add, rinnamic add, 
1 0 naphthalene sulfonic add, sulfonic add or the like. 

Suitable bases capable of forming salts with the peptides of the present invention 
include inorganic bases such as sodium hydroxide, ammonium hydroxide, potassium • 
hydroxide and the like; and organic bases such as mono-, di- and tri-alkyi and aiyi 
15 amines (eg. triethyiamine, diisopropyi amine, methyl amine, dimethyl amine and the like) 
and optionally substituted ethanolamines (e.g. ethanolarnine, diethanolaxmne and the 
like). 

An agouti signaling peptide of the present invention, can be synthesized by any 
20 of the techniques that arc known to those skilled in the polypeptide art, including 

recombinant DNA techniques. Methods for construction, expression and purification of 
recombinant proteins are detailed in: Current Proto cols in Molecular Biology. Vols. 1-3, 
Eds. Ausubd, FAt et al, John Wiley & Son, Inc., 1995. For producing short peptides, 
synthetic chemistry techniques, such as a solid-phase Menifield-type synthesis, are 
25 preferred for reasons of purity, freedom from undesired side products, ease of 

production and the like. An excellent summary of the many techniques available can be 
found in LM Steward and J.D. Young, "Solid Phase Peptide Synthesis", W.H Freeman 
Co., San Francisco, 1969; M Bodanszky et al, "Peptide Synthesis", John Wiley & Sons, 
Second Edition, 1976 and J. Mdenhofer, "Hormonal Proteins and Peptides", Vol 2, p. 
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46, Academic Press (New York). 1983 for solid phase peptide synthesis, and E. 
Schroder and K. Kubke. 'The Peptides", Vol. I, Academic Press (New York), 1965 for 
classical solution synthesis, each of which is incorporated herein by reference. 
Appropriate protective groups usable in such synthesis are described in the above tests 
5 and in JJ.W. McOmie, "Protective Groups in Organic Chemistry", Plenum Press. New 
York, 1973, which is incorporated herein by reference. 

The invention is a purified antibody that specifically binds a peptide of the 
inventioa Particularly, the peptide can be a polyclonal antibody that specifically binds 
10 to a carboxy-tenninal peptide having the sequence CGLGENSPIXSGQQV (SEQID 
N059). In a further embodiment a purified monoclonal antibody that specifically binds 
the peptide having the sequence of SEQ ID NO:29. Purified polyclonal and monoclonal 
antibodies to other novel peptides of the invention are contemplated. 



15 



The present invention is a method ofinhibiting at least one melanogenic enzyme, 
preferably inhibiting more than one melanogenic enzyme. Because the skin pigmentation 
genes cloned thus far show high levels of sequence similarity and have the same 
functions between mice and humans, the results of the experiments on mice are clearly 
correlated to expected results in humans. Melanogenic enzymes which may be inhibited 
20 or down-regulated include but are not limited to tyrosinase, TRP1 and human homolog 
thereof, TRP2 and human homolog thereof and the like. 

In one embodiment of the invention the method ofinhibhing or down-regulating 
a melanogenic enzyme results in inhibition of tyrosinase, TRP1 and TRP2. Thus a 
25 method of down-regulating in a subject a melanogenic enzyme involved in melanin 
synthesis, comprising adniinistering to the subject an amount of the agouti signaling 
protein or a biologically active peptide thereof to down-regulate the melanogenic 
enzyme is provided. In another embodiment of the invention the method results in 
inhibition of the synthesis of at least one melanin. Such mdarans which may be inhibited 
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by the present invention include but are not limited to eumelanin and pheomelanin. In a 
preferred embodiment the method results in the inhibition of production of at least 
eumelanin. 

5 The method is the administration of agouti signal protein or one or more 

biologically active peptides thereof to a mammal in an amount sufficient to inhibit or 
decrease the production or synthesis of at least one melanin, for example, eumelanin and 
pheomelanin. 

10 The present method is particularly useful in the treatment of hyperpigmentation 

conditions or diseases which include but are not limited to melasma, photoaging spots, 
solar keratosis, post-inflammatory hyperpigmentation, and the like. 

Agouti signaling protein and biologically functional peptides thereof are useful in 
IS methods of inhibiting melanin production at a she of hyperpigmentation in a mammal, 
preferably a human. Agouti signaling protein or biologically functional peptide thereof 
administered at such sites prevents or inhibits the formation of melanin at the ate. Thus, 
the invention is a method of reducing melanin synthesis in a subject, comprising 
administering to a subject in need of such reduction an amount of the agouti signaling 
20 protein or a biologically active peptide thereof to reduce melanin synthesis. 

In the method of treatment, the administration of agouti signaling protein or 
biologically functional peptides thereof may be provided for either prophylactic or 
therapeutic use. When provided prophylactically, the agouti signaling proton or 
25 biologically functional peptides thereof is provided in advance of any overproduction of 
melanin at a she. The prophylactic administration of the protein or peptides of the 
present invention serves to prevent or inhibit any melanin overproduction at the site. 
When provided therapeutically, the protein or peptide is provided at (or after) the onset 
of melanin production at a she. Thus, the protein or peptide may be provided other 
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prior to the anticipated melanogenesis at the she or after melanogenesis has begun at a 
site. 

The term "unit dose" as h is used herein refers to physically discrete units 
5 suitable as unitary dosages for mammals, each unit containing a predetermined quantity 
of agouti signaling protein, peptides and derivatives thereof calculated to produce the 
desired inhibitory effect 

The inoculum is typically prepared as a solution in tolerable (acceptable) dOuent 
10 such as saline, phosphate buffered saline or other physiologically tolerable diluent and 
the like to form an aqueous pharmaceutical composition. In addition, the protein, 
peptides and derivatives thereof may be formulated in solid form and lyophilized form 
and redissolved or suspended prior to use. 

15 The composition may optionally contain other therapeutics. Of particular 

interest are therapeutics useful in the prevention or treatment of damaged skin. For 
example, the composition may also comprise estrogen or derivatives thereof, tretinoin or 
Vitamin A derivatives, UV-A and/or UV-B sun-blocking agents, antibiotics, acne 
treatment agents, and the like For example, the composition may comprise an effective 

20 concentration of agouti signaling peptide in combination with an effective concentration 
of tretinoin formulated as a cream The concentration of tretinoin may be from about 
0.025% to about 0.1% tretinoin. 

The agouti signaling protein or peptides may also be formulated into a cosmetic 
25 compositioa 

The route of administration may be subcutaneous (S.CX intradermal (ID.), 
topical and the like so as to be directed to melanocytes. One embodiment of the method 
of treatment the protein, peptide or derivatives thereof are administered topically. The 
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peptides of the present invention may be modified by the addition of a carrier group that 
facilitates their penetration through the skin. Such groups include but are not limited to 
lipophilic groups and the like. Examples of lipophilic groups are fatty adds or fetty 
alcohols in addition to long chain hydrocarbyi groups. Other formulations for enhancing 

5 epidermal, dermal and transdermal penetration of topically applied pharmacologically 
active agents is disclosed in U.S. Patent Nos. 5,326,566, 5.409,917 and 5,260,292. 
Alternatively, the peptides of the present invention may be formulated into liposomes to 
facilitate their entry using topical administration. For topical administration, the protein, 
peptide or derivatives thereof is formulated into ointments, salves, gels, dermal patches 

10 or creams, as is generally known in the art 

In providing a mammal, preferably a human, with the agouti signaling protein or 
peptide, the dosage of administration of the protein, peptides or derivatives thereof will 
vary depending upon such factors as the mammal's age, weight, height, sex, general 
15 medical condition, previous medical condition, route of administration, formulation and 
state of progression of the hyperpigmentation. 

In general, it is desirable to provide the recipient with a dosage of agouti 
signaling proton or peptide of at least about picomolar concentrations, preferably at 

20 least about nanomolar concentrations, although a lower or higher dose may be 

administered. In the case of stable derivatives with long half-lives, lower doses may be 
effective such as, but not limited to, a picomolar range. The dose provides an effective 
tissue level of agouti signaling protein or peptides thereof for inhibiting mdanogenesis at 
a ate. The dose is administered at least once. MiiMple administration over a period of 

25 hours, days or weeks may be preferable. It may also be preferable to administer the 
protein or peptide at least once/week and even more frequent administrations. 
Subsequent doses may be administered as indicated. 
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In one embodiment the agouti signaling protein or peptides thereof in provided 
topically in the form of a lotion that is applied to the affected skin of the hands and face 
on a daily basts. 

5 The methods described herein are useful in screening analogs, derivatives and 

fragments of the agouti signaling protein for those useful in inhibiting melanogenesis. In 
the method, an amount of an agouti protein or peptide is added to cultured primary 
melanocytes or melanocyte cell lines. At various time intervals, samples are removed 
and the amount of melanocyte enzyme determined. Thus, the invention is a method of 
10 screening for inhibitors of melanin synthesis, comprising: a) contacting a melanocyte 
culture with an amount of a putative inhibitor of melanin synthesis; b) determining the 
amount of melanocyte enzyme present in the melanocyte culture from step a); c) 
comparing the amount of melanocyte enzyme determined in step b) to the amount of 
melanocyte enzyme in an uncontacted melanocyte culture; and d) correlating a decrease 
IS in at least one melanocyte enzyme with an inhibitor of melanin synthesis. A decrease in 
at least one melanocyte enzyme compared to a control is indicative of an inhibitory 
agouti protein or peptide. 

There are genetic conditions that result in over-expression of agouti signaling 
protein. One example is the lethal ydlow mutation in mice. Other conditions or 
20 diseases such as melasma photoaging spots, solar keratosis, and post-inflammatory 
hyperpigmentation such as occurs at sites of wound healing are related to the over- 
expression of a melanin. Thus another aspect of the invention is the modulation of 
expression of endogenous agouti signaling proton in a mammal. Expression of 
endogenous agouti signaling protein may be inhibited at the protein level by agents such 
25 as anti-agouti signaling protein antibody, FAb fragments and the like or by chemical 
agents that bind to the agouti protein thus preventing its function. 

At the transcription or translation level, anti-sense oligonucleotides maybe used 
to prevent the expression of the agouti signaling protein. Such anti-sense 
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oligonucleotides are formulated based on the nucleic acid sequence encoding the protein 
of SEQ ID NO:l or SEQ ID NO:2 and can be made by methods known In the art. Thus, 
the invention includes a method of altering melanin synthesis in a subject, comprising 
administering to the subject an amount of a nucleic acid that hybridizes to a nucleic acid 
5 encoding an agouti signaling protein, whereby the agouti encoding nucleic acid is not 
transcribed or translated and melanin synthesis is altered. This treatment results in 
enhanced eumelanogenesis, which can be beneficial in treating vitiligo, leucodenna, 
some forms of albinism and hair graying. 

10 This technique can be antisense RNA therapy. The general protocol is to 

identify the gene that causes disease in humans. The agouti signaling protein-encoding 
gene is such a gene. Next, the gene is cloned (Bultman et aL, 1992 and Miller et al. t 
1993X but in a reverse orientation and with an powerful inducible exogenous promoter. 
This construct is then integrated into a cell that expresses the gene, the promoter is 

1 5 activated by an inducing compound, and •antisense" RNA in produced. This RNA is 
capable of binding to "sense" RNA (e.g., mRNA) that is produced in the disease state. 
By blocking the sense RNA, translation is prevented, and the product's effect in causing 
disease is halted. 

20 To get the antisense molecules into the target cells a carrier molecule will be 

covalently linked to the antisense molecule. This carrier moiety will take the form of a 
necessary/required biochemical compound for the agouti signaling protein-expressing 
cells. The cell will be tricked into accepting the carrier molecule and, thus, the entire 
antisense molecule. Binding kinetics will take over form this point. In the case of 

25 antisense DNAs, much smaller numbers of anti-ASP molecules should be required to 
shut down transcription, perhaps translation, and ultimately impact melanin production 

It is understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will 
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be suggested to persons skilled in the art and are to be included within the spirit and 
purview of this application. 

All references and patents referred to are incorporated herein by reference. 

5 

Example 1 
Materials and Methods 

Animals 

10 C3H/HeJ agouti mice (A/A: B/B: DC) and C57BL/6J (C3H/HeJ F12 mice (A/a: 
B/B: C/C) were purchased from Charles River (Kingston, NY). C57BL/6J nonagouti 
black mice (a/a: B/B: C/C) and C57BIV6J lethal yellow mice (A/a: B/B: C/C) were 
obtained fiom Jackson Laboratory (Bar Harbor, ME). Lethal yellow mice were 
maintained by matings between heterozygous lethal yellow (A/a) male and black (a/a) 

15 female mice. Sibling nonagouti (a/a) and heterozygous (a/a) mice and female C57BL/6J 
(C3H/HeJ Fl (A/a) mice. All mice were housed in the animal facility of NCI/HDL 

Antibodies used 

Antibodies used in this study were generated in rabbits against synthetic peptides 
20 corresponding to the unique carboxyl sequence of the four melanogenic proteins 

studied; their specificities have been thoroughly detailed in the appropriate references. 

They are termed oPEPl (which recognizes TRP1; Jimenez et aL, 1991), aPEP7 (which 

recognizes tyrosinase; Jimenez et al., 1991), aPEP8 (which recognizes TRP2; 

Tsukamoto et al., 1992) and oPEP13 (which recognizes the silver protein; Kobayashi et 
25 aL 1994a). 

Sample preparation 

Anesthetized mice were killed by cervical dislocation, and their dorsal skins were 
cleaned with 60% ethanol and dissected. Immediately after removing fat tissue, the 
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dorsal skins were homogenized in 5 volumes (v/v) of NP40/SDS buffer (1% Nonidet P- 
40, 0.01% SDS, 0.lMTris HCl, pH 7.2 I /ig ml aprotinin and 100 /iM 
phenyimethylsulfbnyl fluoride) on ice using a Potter-Elvehjem glass homogenizer, or 
they were frozen and kept at -70°C until use. Following centrifugation at 1,000 g for 10 
5 minutes at 4°C f the supernatant was subsequently centrifuged at 10,000 g for 30 

minutes at 4©C. The supernatant was filtered through a 0.45 /un pore filter unit (Mfflex, 
MUlipore Co., Bedford, MA) and the soluble skin extracts were used for menalogenic 
assays and western immunoblotting analyses, as detailed below. In some cases where 
noted, hair bulbs were collected from dorsal skins using razor blades. 

10 

Organ culture 

This technique was carried out as previously described (Imokawa et aL, 1988). 
Briefly, dorsal skins were excised from 6- or 10-day-oid mice, cleaned to remove the fat 
tissue and to expose the hair bulbs, and were then cut into pieces (-1mm x 2mm) using 

1 5 razor blades. The pieces were sterilized in Hanks* balanced salt solution containing 400 
i.u-/ml penicillin and 400 Mgfail streptomycin for 20 minutes, and then placed on sheets 
of lens paper over stainless steel grids in organ culture dishes (Falcon 3037, Lincoln 
Park, NJ). A 750 $x\ sample of Dulbecco's modified Eaglet medium, containing 10% 
fetal bovine swum, 100 Luiml pemciffin and 100 jig/ml streptomycin, were added to the 

20 inner plates of the dishes in order to culture the skin tissue at the liquid/air (5% CoJ 
interfece at 37 a C. 

Cells and culture conditions 

The melan-a melanocyte cell line cultured from genetically defined C56BI mice (a/a 
25 B/B C/C) was a kind gift from Dr. Dorothy Bennett, London, United Kingdom. The 
cells were grown as initially reported (Bennett et aL, 1987). 
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Metabolic labeling and iramunopreeipitatton 

These techniques were performed as previously reported (Jimenez et aL, 1989, 1991; 
Tsukamoto et al., 1992; Aroca et al., 1993; Kobayashi ct al. f 1994a). Briefly, dorsal 
skin fragments in organ culture were preincubated for I hour in methionine-free medium 

5 containing dialyzed fetal bovine serum, and labeled for 4 or 6 hours with [^methionine 
(0.4-1.0 mCi/ml) (Dupont-NEN, Boston, MA) in methionine-free medium. They were 
washed three times with ice-cold Ca**, Mg^-free phosphate buffered saline (PBS-), 
containing excess unlabeled methionine, and the hair bulbs were collected from 
radiolabeled skin pieces using razor blades; these were homogenized and lysed overnight 

10 at 4°C in NP40/SDS buffer, as detailed above. The lysates were then centrifuged for 30 
minutes at 10,000 g t and the supernatants were then precleared with normal rabbit 
serum and GammaBind G Sepharose (Pharmacia/LKB, Piscataway, NJ). A sample 
containing 10 7 TCA-precipttab!e cpm of the precleared extracts was incubated with 5 ^1 
of the antibodies noted in the Figure legends for 1 hour at 4°G and then complexed 

15 with 30 jd; GammaBind G Sepharose for 30 minutes at 4°C. The immune complexes 
were washed 5 times with NP40/SDS buffer, then eluted in SDS sample buffer at 95 °C 
for 5 minutes and analyzed by SDS-gel electrophoresis (Laemmli, 1970), followed by 
fluorography. 

20 Western immunoblotting analysts 

This technique was also performed as reported previously (Jimenez et al., 1991; 
Aroca et aL, 1993; Kobayashi et al., 1994a). Briefly, proteins from NP40/SDS- 
solubilized melan-a cells or dorsal skins were separated on 7.5% SDS gels, then 
transferred to polyvxnylidene difluoride membranes (Immunobilon-P, Millipore Corp., 

25 Bedford, MA) and incubated with primary antibodies (1/1000 dilution) as noted in the 
Figure legends. Subsequent visualization of antibody binding was carried out with 
Enhanced ChenuLuminescence (Amersham Corp., Arlington Height, IL) according to 
the manufacturer's instructions. 
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Melanogeuic assays 

Assays for melanogenic catalytic activities as described below were carried out at pH 
6.8, 37°C for 60 minutes. (1) Tyrosine hydroxylase activity was measured using the 
[ 3 H]tyrosine assay (Hearing and Ekel, 1976; Hearing, 1987). This method specifically 

5 measures the tritiated water produced during the hydroxyiation of tyrosine to DOPA. 
(2) DOPA oxidase activity was measured using incorporation of [3- 14 C]DOPA into add* 
insoluble melanin as detailed previously (Aroca et aL, 1993). (3) DOPAchrome 
tautomerase activity was measured by HPLC as the disappearance of DOPAchrome 
substrate and the production of DHtCA rather than DHI; data are converted to pmol 

10 products by comparison with known standards. The HPLC assay was detailed 
previously (Palumbo et aL, 1987; Tsukamoto et al. t 1992). (4) DHI oxidase and 
DMCA oxidase activities were measured by HPLC as the disappearance of these 
substrates from reaction mixtures compared to controls for spontaneous auto-oxidation; 
data are converted to pmol by comparison with known standard (Aroca et aL, 1993). 

1 5 (5) Melanin production was measured using incorporation of [ l4 C] tyrosine into acid- 
insoluble melanin, also as detailed previously (Hearing and Ekel, 1976; Hearing, 1987); 
pmol melanin produced are calculated from the radioactive product. 

Tyrosine and DOPA used as standards and reaction substrates in these assays 
20 were obtained from Sigma Chemical Co. (St Louis, MO); [L-3,5- > H]tyrosine > [3- 
l4 CJDOPA and [U- 14 C]tyrosine were obtained from New England Nuclear (Boston, 
MA); DOPAchrome was prepared using the silver oxide method originally described by 
Korner and Pawelek (1980). DHI and DHICA were kindly provided by Dr. Giuseppe 
Prota (University of Naples, Naples) and Dr. Shosuke Ito (Fujita Health University, 
25 Nagoya) and purchased commercially from Regis Chemical Co. (Morton Grove, IL). 

RNA isolation and northern blotting 

These techniques were performed as described previously (Aroca et aL, 1993). 
Briefly, 2.0 /ig of mRNA, isolated using a total RNA isolation kit and mRNA 
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purification kit (Promega, Madison, WI), were electrophoresed and then blotted to 
Sure-Blot nylon membranes (Oncor, Gaithersburg, MD), hybridized with 32 P-labeled 
probes, dehybridized and rehybridized with other probes again as necessary. TYRS-J, 
the probe specific for tyrosinase, was kindly provided by Drs. H. Yamamoto and T. 

5 Takeuchi, Sendai, Japan and is described in Yamamoto et al Japan J. Genetics Vol 
62:271-274, 1987. pMT4 t specific forTRPl, was provided by Dr. S. Shibahara, 
Sendai, Japan and is described in Shibahara, S. et al Nucleic Acid Res. Vol 14:2413- 
2427, 1986. TRP2a, specific for TRP2 was provided by Dr. I. Jackson, Edinburgh, 
Scotland and is described in Jackson, let al. EMBO Vol 11:527-535, 1992. gplOO, 

10 specific for silver, was provided by Dr. Y. Kawakami, Bethesda, MD and is described in 
Kawakami et al PNAS. VoL 91, 6458-6462, 1994. 

Miscellaneous methods 

Protein concentrations were determined with the BCA assay kit (Pierce Chem Co., 
1 5 Rockford, IL) using bovine serum albumin as the standard- Quantitation of western 
blots and autoradiographs was performed using ImageQuant imager and software. 

Example 2 

20 Melanogenic protein expression In hair bulbs of newborn lethal yellow and 
black mice. 

The expression of melanogenic proteins during pheomelanogensis was studied by 
comparing dorsal hair bulbs of 10 day newborn lethal yellow and black mice; these were 
25 sibling offspring from the same litter. Ten days newborn lethal yellow mice produce 
predominantly pheomelanin in their hair bulb although younger lethal yellow mice make 
minor amounts of eumelanin and brownish pigment can occasionally be observed in their 
hair bulbs. 
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The three distinct tyrosinase activities (i.e. tyrosine hydroxylase, DOPA oxidase and 
DHI oxidase), as well as the ability to produce melanin in extracts of hair bulbs from 
lethal yellow mice were about 20-25% the levels found in extracts of hairbulbs from the 
black sibling mice CTable 1). However, levels of DOPAchrome tautomerase activity (Le. 
TRP2) and DHICA oxidase activity (Le. TRP1) in these extracts of pheomelanogenic 
hair bulbs were at background levels. The relatively higher specific activities of these 
catalytic functions measured in pure population of melan-a melanocytes are shown for 
comparison. 

T»Me t. Melanotcnlc acttvtt ta to hair bulb, from newborn ktbaj tcPow and black mtct 

Melanin 
formation 

10*6 
3346 

Hair b^ from 10 day newborn lethal yellow and black sibling mice (or meUn-a cells in culture) were 
solubihzed and assayed fbrmdanogcnic activities, as detailed in Materials and Methods. Data arc 
r<yortedmin«ra*a,cmmpmcM^ 

By western immunoblotting analysis, the patterns of expression of tyrosinase, 
TRP1 and TRP2 were consistent with the results of melanogenic assays (Fig. 2). 
Extracts of hair bulbs derived from newborn black mice had all four melanosomal 
proteins (tyrosinase, TRP1, TRP2 and the silver protein) with the same molecular mass 
as found for the melan-a murine melanocyte line used as a positive control. However, a 
significantly lesser amount of tyrosinase was detected in hair bulbs derived from 
newborn lethal yellow mice, and TRP1, TRP2 and the silver protein were undetectable 
in those pheomelanic hair bulbs. Metabolic labeling with l"S]methionine followed by 
inununoprecipitation analysis of dorsal hair bulbs grown in organ culture showed similar 
patterns for synthesis of melanogenic proteins by lethal yellow and black melanocytes 
(data not shown). In hair bulbs derived from black mice, tyrosinase, TRP1 and TRP2, 
as wdl as the silver protein, were detectable and comparable in size to those found in the 



Sample 


Tyrosine 
hydroxylase 


DOPA 
oxidase 


DOPAchnane 
tautomerase 


DHI 
oxidase 


DHICA 


yellow 


12*4 


150*57 
0*=5) 


0.3*0.6 


23*7 
<«=*> 


-10*17 


Black 


46*21 
<*=5) 


538*270 
(n=5) 


93*72 


131*83 


21*31 
(«=3) 


Mdan-a 


110*13 
(*=3) 


1039*13 
(«-3) 


114*60 
(*=3) 


432*140 


319*11] 
(f-7) 
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melan-a cells. However, in hair bulbs derived from lethal yellow mice, significantly 
decreased tyrosinase synthesis was detected, and there was no significant expression of 
TRP1, TRP2 or the silver protein. 

Northern blot analysis confirmed that the pheomelanogenic hair bulbs of lethal 
yellow mice produced only tyrosinase mRNA but little or no mRNA for TRP1, TRP2 or 
the silver protein, although we could readily detect significant levels of mKNAs for all of 
those melanogenic proteins in the eumelanogenic hair bulbs obtained from black or 
agouti mice (Fig. 3). 

Taken together, these results at the enzyme activity, translational and 
transcriptional levels, show clearly that tyrosinase function is reduced in hair bulbs of 
newborn lethal yellow mice while TRP1, TRP2 and the silver protein are not expressed 
at all. Therefore, the functions of TRP1, TRP2 and the silver protein cannot be essential 
for pheomelanogenesis. 

Example 3 

Expression of melanogenic proteins in regenerating hair bulbs of lethal yellow 
and black adult mice 

To examine whether similar patterns of melanogenic proteins were expressed in 
regenerating hair bulbs of adult mice, anagen growth of hairs was induced by plucking 
the dorsal telogen hairs of 2-month-old lethal yellow and black sibling mice. 
Regenerating hairs on the dorsa could be observed 10 days after plucking in both types 
of mice and hair growth in both genotypes occurred at identical rates. Pieces of the 
regenerating dorsal skin were biopsied, homogenized, solubilized in NP40/SDS buffer 
and then analyzed by western immunoblotting and melanogenic enzyme assays. The 
expression of tyrosinase, TRP1 and TRP2 could be detected in regenerating hair bulbs 
of black mice by western immunoblotting as early as 6 days after plucking (Fig* 4). The 
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levels of each of those proteins increased further at 8 and 10 days post-pfucking and 
remained constant at 12 days. However, expression of TRP1 and TRP2 could not be 
detected in the regenerating pheomelanic hair bulbs of sibling lethal yellow mice at any 
time up to 12 days post-plucking, although a reduced expression of tyrosinase 
(compared to the black controls) was seen during this same time period. The silver 
protein was not detected in any of these skin extracts by western blotting (not shown). 
Assays for tyrosine hydroxylase and DOPAchrome tautomerase activities in those same 
extracts showed results consistent with the western immunoblotting analysis (Table 2). 

The levels of DHICA production in crude extracts of tissues is occasionally 
significantly above background; this high background (-5-6 pmol in this experiment) is 
presumably due to the presence of divalent metal cations in these crude samples, winch 
can catalyze this tautomerase reaction in the absence of active enzyme, as noted above. 

Table 2. Monogenic actMHtt tn tldn extract* of newborn agouti and bUck mk* 





Age 
(days) 


Tyrosine 
hydroxylase 


DOPA 
oxidase 


DOPAchrome 
tautomerase 


DHI 


DHICA 
oxidase 


^4'danTn 










Experiment 1 








agouti 


5 


40 


33*1 


3*0 


39 


9 


0.5*0.0 


agouti 


11 


3±0. 


24*1 


8*0 
Experimenl2 


46 


16 


0.4*0.0 


agouti 


5 


6*0 


63*1 


5*0 


31 


2 


1.1*0.1 


black 


S 


1040 


114*2 


9*0 


37 


13 


2.4*0.1 



Hair bulbs from dorsal skms of 5 days and I 1 days newborn agouti mice (top^ 
5 days newborn agouti and blade sibling mice (bottom) were solubilizcd and assayed for mcianogenic 
activities as detailed materials and Methods. Data arc reported as means ±a.em. inpmol/mg 
protein per hour. 



Example 4 

Patterns of melnnogenic protein expression during the physiological switch 
from pheo- to eumdanogenesis 
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C3H agouti mice have the typical agouti hair pattern, i.e. a yellow strips in two 
regions of the black background on each hair shaft. This pattern is generated by 
temporarily switching the type of melanin formed from eumelanin to pheomelanin and 
then back to eumelanin again during hair growth. The expression of melanogenic 
5 proteins in agouti hair bulbs before, during and after their pheomelanic phase was 

investigated to determine if down-regulation of TRP1, TRP2 and silver protein 
expression occurred physiologically as had been observed above in regenerating hair 
bulbs of lethal yellow mice. Western imrounoblotting (Fig. 5 and quantitation of those 
blots) revealed a decrease (maximal at day 7) in the expression of TRP1 in follicular 
10 melanocytes of newborn agouti mice, exactly the time at which pheomelanin is produced 

predominantly. This can be compared with the eumelanogenic stage (at 9 and 1 1 days), 
at which levels of TRP1 increase; k can be seen that the amount of tyrosinase present in 
those tissues was relatively constant throughout this same rime frame. Results 
consistent with these patterns of expression were obtained in melanogenic assays (Table 
15 2, top), where levels of tyrosinase activities were comparable in extracts of 5 day and 1 1 

day newborn agouti skins, whereas the catalytic activity of TRP1 (DHICA oxidase) at 
day 5 was significantly less (only about 50%) than that detectable at day 11. Although 
there was no significant decrease in the TRP2 band detected by western blot (Fig. 5), Us 
catalytic function (DOPAchrome tautomerase) was decreased -50% at day 5 compared 
20 to day 11. 

The expression of these melanogenic proteins in hair bulbs of sibling 5 day and 
1 1 day newborn heterozygous agouti (A/a) and homozygous nonagouti (a/a) black mice 
were also examined. Results similar to those described above were obtained by western 
25 immunoblotting analysis (Fig. 6 A) and by melanogenic assays (Table 2, bottom); that is, 

expression of tyrosinase and TRP2 was relatively constant in both genotypes at day 5 
and day 1 1, whereas expression of TRP1 was reduced -50% during the 
pheomelanogenic phase (day 5) in the agouti hair bulbs. In the experiments shown in 
Figs. 5 and 6A, the silver protein was not detected by western blotting due to its low 
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concentration in these extracts. Therefore expression of the stiver pattern using 
metabolic labeling and immunoprecipitation of organ culture of skin obtained from 5-day 
old agouti and black sibling mice (Fig. 6B) was examined. Those experiments 
demonstrated that, as found for TRP1, there was significantly less of the silver protein 
synthesized in hair bulbs of 5-day-old agouti mice compared to hair bulbs from black 
mice. 

Example 5 

Agouti protein suppresses expression and activity of tyrosinase and tyrosinase- 
related protein in murine melanocytes. 

To characterize the switch between eumelanogenesis and pheomelanogenesis, 
the responses of cultured melanocytes exposed to aMSH and/or agouti were 
determined. 

The melan-a melanocyte ceQ line was used as described in Example 1. This 
clonal fine was derived from C57B1 nonagouti blade mice. The growth medium was 
minimum essential medium containing 200nM TP A. B16F10 melanoma cells were also 
used to compare the effect of agouti protein with melan-a. These cells were grown in 
Dulbecco's modified Eagle medium. 

Recombinant agouti protein was purified from baculovims system by Dr. 
Michael OHmann in Dr. Gregory Barsh's laboratory by methods known in the art. 2 x 
10* cells were seeded per 15cm diameter dish. The medium was changed everyday, and 
fresh agouti protein and/or aMSH added everyday usually at lOnM. To examine 
transcriptional regulation, total RNA was isolated and Northern blotting performed by 
methods described in Example 1. The A26 probe to the MSH-R was provided by Dr. R. 
Cone and is described in Mountjoy et al. Science 257:1248-1251, 1992. At the 
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translational level, metabolic labeling was used in conjunction with immunopreripitation 
as described in Example 1. Western blotting and enzyme assay was used to examine 
Junction. 

S First, it was determined whether the agouti protein had any effect on tyrosinase 

expression by Northern blotting. Melan-a cells were treated with 4 concentrations of 
agouti protein as indicated in Figure 7 A. After 24 hours, the cells were harvested, total 
RNA isolated and hybridized with a probe for tyrosinase and detected by a 
phosphoimager. The activity of each band was measured by phosphoimager and the % 

10 control was corrected using GAPDH as a standard. Though the incubation time was 

only 24 hours, there were significant dose dependent decreases in expression of 
tyrosinase at lOnM and InM of agouti protein. It should be noted that in vivo, 
pheomelanin is synthesized within 24 hours after agouti RNA is apparent. Longer • 
incubation times were also examined. lOnM of agouti protein was added for 1, 2 or 4 

1 S days. After 2 or 4 days incubation, the decreases in expression of tyrosinase were much 

more dramatic, resulting in complete inhibition by day 2 (Figure 7B). 

After 5 days incubation of melan-a cells with lOnM agouti protein, the color of 
pellet was changed from black to light brown. By ultrastructural study, after exposure 
20 to agouti protein, the amount of melanosomes were decreased and pheomelanosome- 

like structures were found (Figure 8B). 

The effects of agouti protein on expression of TRP1, TRP2, and the MSH 
receptor were examined. After 24 hours of exposure to different concentrations of 
25 agouti protein, the level of TRP1 and TRP2 RNAs were reduced, but not to the same 

extent as tyrosinase RNA, and there was no significant effect on the level of RNA for 
the MSH receptor (Figure 9). 
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To examine directly the interaction between agouti protein and MSH, and to 
determine whether agouti protein might affect MSH signaling via a change in receptor 
level, melan-a cells were exposed to lOnM agouti, lOnM MSH, or both for period of 5 
days, and then RNA levels were measured for tyrosinase, TRP1, TRP2, and MSH 
5 receptor itself MSH alone produced almost a twofold increase in tyrosinase, a 50% 

increase in TRP2, and no significant increase in TRP1 or MSH receptor. Agouti alone 
produced nearly a fivefold decrease in levels of RNA for tyrosinase, TRP1 and TRP2, 
but again had no significant effect on the level of MSH receptor RNA (Figure 10). At 
these concentrations, simultaneous addition of both agouti and MSH produced a 
10 response indistinguishable from MSH alone. These results confirm the ability of agouti 

protein to bring about physiologic changes in the absence of exogenous MSH, and 
suggest that the interaction of agouti and MSH is not mediated by an alteration in levels 
of MSH receptor itself 

1 5 However, steady state levels of RNA as measured by Northern hybridization do 

not reveal alterations in the expression of a gene product that might occur due to 
modulation of protein levels or protein function. To examine effects at the translational 
level, the melan-a cells were cultured under the same condition for 5 days, and then the 
cells were incubated with 3S S methionine for 4 hours. Then, an immunoprecipttation 

20 analysis was performed. Results were observed in immunoprecipitation analysis of 

tyrosinase; TRP1 and TRF2 that were consistent with the Northern blotting (Figure 11). 

To examine enzyme function, enzyme assays was performed on extracts of cells 
cultured under the same conditions for 5 days. The results of tyrosine hydroxylase, 
25 DOP A oxidase, DOPAchrome tautomerase and melanin production assays were also 

consistent with the Northern blotting experiments. These activities were increased after 
exposure to MSH alone. However, they were decreased to background levels after 
exposure to agouti protein alone, and simultaneous addition of both agouti protein and 
MSH produced a response indistinguishable from MSH alone. 
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Table 3 
Enzyme Assay* 



Control MSH only Agouti Only MSH + Agouti 



tyrosine 
hydroxylase 



5.9 ±1.2 8.7 ±2.8 



DOPA oxidase 17.3 ± 5.1 197.5 ± 17.4 

DOPAchome 255.0 555.0 
tautomerase 



melanin, 
production 



2.1 ±0.6 6.3 ±0.5 



-1.2 ±0.2 

-2.6 ±3.4 
0.0 

0.22 ±0.0 



10.2 ±1.72 

202.4 ±24.0 
450.0 

6.99 ±0.53 



10 



'measures pmol/ug protein/hr 

Melanogenic enzyme levels were also examined using Western blotting under the 
same conditions, and the results also were again consistent with Northern blotting 
(Figure 12). These results suggest that modulation of pigment cell enzyme activity by 
agouti protein or MSH in culture occurs primarily at the level of messenger UNA rather 
than translational efficiency or post-translational processing. 

The effect of agouti protein and MSH observed for melan-a cells was confirmed 
using B16F10 murine melanoma cells. Similar effects were observed (Figure 13). 
However, note that the agouti protein did not reduce tyrosinase RNA below baseline, 
and that MSH receptor expression was elevated in these agouti-treated cells. 

Agouti protein added to melan-a cells suppresses the expression of tyrosinase, 
TPR1 and TRP2, and causes phenomelanosomes to be produced in vitro. This assay 
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system is useful for helping to determine the molecular and biochemical events required 
for pigment type switching. 

Example 6 



5 



Human Skin Equivalent Model 

The behavior of human melanocytes in the skin equivalent model closely mimics 
their behavior invjv* Therefore, the results obtained using the model are reasonably 
predictive ofefficacy in humans. The skin equivalent model has been described by 
Arduunbault, Metal, J Tnye'it, PermatQl. 104(5):859-867. 1995. 

Briefly, human newborn fibroblasts are cultivated from expknts of foreskin 
dermis in Dulbecco's modified Eagle's medium (Gibco/BBL, Gaithersburg, MD) 
supplemented with 10% bovine serum (Hyclone Labs, Logan, UT) and used at sixth 
passage. 

Human melanocytes are cultured from dissociated newborn foreskin epidermis. 
Melanocytes at second passage are plated on a dermal equivalent or in tissue culture in 
tissue culture dishes (Becton-Dickinson, Lincoln Park, NJ). 

Human keratinocyte cultures are established from newborn foreskin. 
Preconfluent second-passage keratinocyte cultures are trypsinized and seeded onto 
dermal equivalents. 

Agouti signaling protein or peptides thereof are added to the cultures and the 
cells incubated fori to 5 days. The inhibitory effect on the human melanocytes is 
determined by Northern blot analysis, Western blot analysis and enzymes assays of 
tyrosinase, TRPl. TRP2 as described previously in Examples 1 and 5. 
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Example 7 

Modulation of expression and activity of melanosomal proteins in murine 
melanocytes by agouti signal protein in cell culture 

S 

Cells and Cell Culture Conditions 

The melan-a melanocyte line (Bennett et al., 1987), derived from C57B1 
nonagouti black mice (a/a B/B C/Q, was a kind gift from Dr. Dorothy Bennett, London, 
United Kingdom. This clonal line was cultured in Duibecco's minimal essential medium 
10 containing penicillin, streptomycin, sodium pyruvate, nonessential amino adds, 25 mM 

sodium bicarbonate, 5% fetal bovine serum. 200 nM phoiboI-12-mvristate-13-acetate 
and 100 uM 2-mercaptocthanol at pH 6.9. as described by Bennett et al. ( 1987). CeDs 
were usually seeded at a density of 1.5 x 10* cells per 15 cm diameter dish. For 24 hour 
experiments, ASP and/or MSH were added when the cells were initially seeded. For 5 
1 5 day experiments, ASP was added immediately, and MSH was added starting on the next 

day (4 days of treatment with MSH is routinely used for optimal stimulation (Aroca et 
aL, 1993)). The concentrations of ASP and MSH used ranged from 0.01 to 10 nM, as 
detailed in the Figure and Table legends. To controls without ASP or MSH. similar 
volumes of storage buffer (20 mM PIPES, pH 6.8, 50 mM NaCI) were added. The cells 
20 were routinely cultured at 37«C in a humidified incubator with 5% CO„ and all media 

were changed daily. Cells were harvested by brief treatment with tiypsin/EDTA in the 
standard manner, and used for subculture, or were processed for RNA, protein or 
enzyme analysis, as detailed below. 
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Agouti Signal Protein 

Recombinant mouse ASP was generated and purified using a baculovuus 
expression system as described inOUmann et aL C «i preparation). The preparattoa used 

sflver^edgekanduu^ 

37- ASP retains activity for more than 48 hours in water or tissue culture media. The 
experiment described in F* 2 has also been repeated with an ASP preparation > 99% 
pure with virtually identical results. 

Electron Microscopy 

Cells were harvested, centrifuged for 5 minutes at 14,000 g at 4'Q and fixed for 
2 hours at 23-C in 2% ghrtaraldehyde-2% paraformaldehyde in 0.1 M sodium 
cacodyfate buffer. pH 7.3; the fixative was then removed and the samples were stored m 
phosphate-bufferedsaline^n^^ . 
Processed whh graded alcohoUand^^ 

tf» usual manner. Tain sections were stained whh uranyl acetate and lead <^™* 
and photographed whh a Zeiss EM10 electron microscope, as previously detailed (Prota 

etaL, 1995). 
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RNA Isolation andNortkern Blotting 

Total RNA was extracted from cells using an RNeasy total RNA isolation kit 
(QIAGEN. Catsworth. CA), following the manufacturer's instructions. 20 ug of total 
RNA was denatured, electrophoresed through 1 .0% agarose gels, and transferred 
overnight at 23«C to SureBlot nylon hybridization membranes (Oncor, Gahhenburg, 
MD) in the standard manner. Filters were prehybridized for 3 hours at 45«C with 
Hybrisol I solution (Oncor, 50% fonnamide, 1 0% dextran sulfite, \% SDS and blocking 
reagent), and then hybridized whh a »P-labeled probe. A 2.0-kb EcoRI fragment of 
TYRS-J. a 1.7-kb Hmdffl fragment of P MT4. a 1.75-kb EcoRI fragment of TRP2a, and 
a 2 1-kb BamHI - Sail fragment of A26 were used to detect tyrosinase. TRPl. TRP2 
and MC1-R mRNAs. respectively. TYRS-J was obtained from Drs. Hroaki Yamamoto 
and Takuji TakeuchL Sendai, Japan (Yamamoto et aL. 1987); pMT4 was obtained from 
Dr SVi S &SM>^S™W*f™(?* S >*» n «*-> 1986); TRP2a was obtained from 
Dr Ian Jackson, Edinburgh. Scotland (Jackson et al.. 1992); A26 was obtained from Dr. 
Roger Cone. Oregon (Mountjoy et aL, 1992). A ojnwerdauy available cDNA probe 
specific for glyceraldehyde-S-phosphc^ehydrogenase (GAPDH) was used to 
standardize RNA loading on the blots. The cDNA probes were labeled using random 
primer extension and heated to 100'C for 10 minutes, then cooled on ice for 10 minutes 
prior to adding to the hybridization solution. Hybridization was performed whh the 
radiolabeled probes in Hybrisol I (3 x 10' cpm/10 ml) overnight at 4S'C with gentle 
shaking. Following the incubation, the blots were washed for 1 0 minutes at 23'C with 
2X SSC/10% SDS. then for 10 minutes with 0.2X SSC/0.5% SDS. and finally for 10 
roinutes with 0.1X SSC/0.1% SDS. The blow were then exposed in phosphomimager 
cassettes at 23°C for 1 hour and the densities of the bands were scanned using 
ImageQuant software. The % control for each probe was corrected for initial loading 
using comparison whh the GAPDH standard. After each scan, residual probe was 
removed by incubating for 15 minutes at ,00-CmO.lXSSao^/oSDSin lOmMTris. 
pH 7.0. This was repeated as necessary until no remaining probe could be detected. 
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Metabolic Labeling and Immuncprecipitation 

These techniques were performed as previously reported (Jimenez et aL, 1989; 
1991- Tsukamoto et al., 1992; Aroca et al., 1993). Briefly, subconfluent cells growing in 
culture in 10 cm diameter dishes were preincubated for 1 hour at 37»C in prewarmed 
methiotrine-free medium, and then were radiolabeled for 6 hours with 0.4 rnCi/flask of 
r» S ]methionine. The cells were then harvested and solubffized for 1 hour at 4'C with 
NP-40/SDS buffer (1% Nonidet P-40, 0.01% SDS, 0.1M Tris-HCl. P H 7.2. 100 uM 
pherrylmethylsulfonylfluoride, 1 ag/ml aprotinin). The cell tysates were then certnfuged 
for 15 minutes at 14,000 g at 4«C and the supernatant* were pretreated ovenught at 
4-C with normal rabbit serum and GammaBind G Sepharose (Pbannacia/LKB, 
Piscataway, NT) to reduce background. S X 10* cpm of each preabsorbed supernatant 
was then incubated with 10 pi of the appropriate antibodies. The antibodies used were 
generated in rabbits against synthetic peptides corresponding to the unique carboxyt 
sequences of the three melanogenic proteins studied; they are termed aPEP 1 (which 
recognizes TRP1, (Jimenez et aL. 1991)), «PEP7 (which recognizes tyrosinase. 
(Jimenez etaL, 1991)) and aPEPS (vrfrich recognizes TRP2, (Jsukamato et aL, 1992)). 
Following incubation at 37»C for 1 hour. 50 ul of GammaBind G Sepharose was added 
to each tube and then further incubated with mixing for 20 rnimrtes at 23°C. The 
GammaBind G Sepharose-antigen-antibody immune complexes were washed 4 times 
with NP40/SDS buffer at 23 °C, and then denatured in SDS sample buffer by heating to 
100»C for 3 minutes. Specifically bound proteins were then analyzed by 
SDS^ohyacrylmnide gel electrophoresis and visualized by autoradiography. 
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Western Immunoblotting Analysis 

Cells in tissue culture were harvested and solubilized for 1 hour at 4°C with 
NP-40/SDS buffer, then centrifoged at 14,000 g for 15 minutes at 4 6 C, and the 
supematants were recovered. Proteins from the NP-40/SDS solubilized cells were 
separated on 7.5% SDS gels, and then transferred dectrophoretically to polyvinyUdene 
difluoride membranes (InunobBon-P. KGBpore Corp.. Bedford. MA). Following blocking 
overnight at 23 «C in 3% bovine serum albumin in TBS/Tween (0. 1% Tween 20 in Tris 
buffered saline), the Wots were incubated with primary antibodies (at 1/1000 dilution in 
TBS/Tween). Following four washes in TBS/Tween to reduce nonspecific binding, 
subsequent visualization of specific antibodies bound was carried out with Enhanced 
ChemiLuminescence (Araersham Corp. Arlington Heights, H) according to the 
manufacturer's instructions. 

Melanogenic Enjyme Assays 

Melanogenic assays were routinely carried out on NP-40/SDS soluble extracts 
(obtained as above) at pH 6.8, 37'C for 60 minutes. To determine tyrosinase activity, 
the tyrosine hydroxylase assay was used; this assay measures tritiated water produced 
during the hydroxylation of 1^3,5-STJtyrosine to 3,4-dihydroxyphenylaIardne (DOPA) 
(Hearing and Ekel, 1976; Hearing. 1987). For DOPA oxidase activity, the production of 
acid insoluble melanin product from [3- l «CJDOPA was measured (Aroca et at. 1993). 
To determine DOPAchome tautomerase activity, the disappearance of DOPAchome 
substrate and the production of 5.frdaydroxymdole-2^uboxyDc add (DfflCA) rather 
than the spontaneously derived product 5,6-dihydroxyindole (DHT) was measured by 
HPLC (Palumbo et aL, 1987; Tsukamoto et al., 1992). To determine melanin 
production, the [U-»*qtyrosine assay (Hearing and Ekd. 1976; Hearing, 1987) was 

used. All radioactive precursors were obtained from DuPont-New England Nuclear. 

DOPAchrome was prepared using the silver oxide method (Komer and Pawelek, 1980). 

and DHI and DHICAused as standards were obtained from Pierce Chemical Co. 

(Rockford, IL) and from Prof Shosuke Ito. Nagoya. Japan. Pmol product of the assays 

was calculated from radioactivity measured or by comparison with standard curves. 
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, „ and allowed to grow with a single change otmeaiuin 

expression by eumeianoB rMi^no exoosure of bkek melan-a murine 

. protein. Simultaneous addition ofagouo F 
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hormone at approximately equixnolar concentrations produced responses similar to those 
elicited by a-melanocyte stimulating hormone alone. These data are consistent with the 
hypothesis that the effects of agouti signal protein on melanocytes are not mediated 
solely by inhibition of a-melanocyte stimulating hormone binding to its receptor, and 
provide a cell culture model to identify novel factors whose presence is required for 
pheomdanogenesis. 
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What is claimed is: 

1. A purified biologically active peptide of the agouti signaling protein 

which has depigmenting activity. 

2. A purified biologically active peptide of the agouti signaling protein 

which has the following characteristics: 

(a) the peptide has depigmenting activity due to its ability to inhibit 

the production of at least one melanin; 

(b) the peptide has at least one region selected from the group 

consisting 6£ 

(i) at least one of a basic region derived from the fiiH length 

agouti signaling proton or a portion thereof and 

(ii) a cysteine rich region derived from the foil length agouti 

signaling protein or a portion thereof; 

(c) the peptide has a minimum length of at least aboirt 5 amino add 
residues but has a maximum length selected from the group consisting of. 

(t) no more than about 131 amino add residues; 

(ii) no more than aboirt 109 amino add residues; 

(iii) no more than about 50 amino add residues; 
gv) no more than about 20 amino add residues; and 
(v) no more than about 10 amino add residues; and 

therein said agouti signaling protein is optionally coupled to a molecule which would 
facilitate its transport into cells. 

3. The agouti signaling protein of daim 2 having a maximum length of no 
more than about 13 1 amino add residues. 
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4. The agouti signaling protein of claim 3 having a maximum length of no 

more than about 109 amino acid residues. 

5. The peptide of claim 1, having the sequence ofSEQ ID NO: 1. 

6. The peptide of claim 1, having the sequence of SEQ ID NO:2. 

7. The peptide of claim 1, having the sequence of SEQ ID NO:3. 

8. The peptide of claim I, having the sequence of SEQ IDNOA 

9. The peptide of claim 1, having the sequence of SEQ ED NO:5. 

10. The peptide of claim 1, having the sequence of SEQ ID NO:6 

11. The peptide of claim 1, having the sequence of SEQ ID NO:7. 

12. The peptide of claim 1, having the sequence of SEQ ID NO:8. 

13. The peptide of claim 1 , having the sequence of SEQ ID NO:9. 

14. The peptide of claim 1, having the sequence of SEQ ID NO:10. 

15. The peptide of claim 1, having the sequence of SEQ ID NO:l 1. 

16. The peptide of claim 1, having the sequence of SEQ IDNO:12. 

17. The peptide of claim 1, having the sequence of SEQ ID NO:13. 

18. The peptide of claim 1, having the sequence of SEQ ID NO:14. 
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19. The peptide of claim I, having the sequence of SEQ ID NO:15. 

20. The peptide of claim 1. having the sequence of SEQ ID NO:16. 

21. The peptide of claim I, having the sequence of SEQ ID NO:l7. 

22. The peptide of claim 1, having the sequence of SEQ ID NO:18. 

23. The peptide of claim 1, having the sequence of SEQ ID NO:l9. 

24. The peptide of claim 1, having the sequence of SEQ ID NO'^0. 

25. The peptide of data 1. having the sequence of SEQ ID N021. 

26. The peptide of claim 1. havingthe sequence of SEQ ID NO :22. 

27. The peptide of claim 1, having the sequence of SEQ ID NO:23. 

28. Thepeptideofdaiml.liavfogtta 

29. The peptide of claim 1, having the sequence of SEQ ED N025. 

30. The peptide of claim 1, having the sequence of SEQ ID N0.26. 

31. The peptide of claim 1, having the sequence of SEQ ID NO:27. 

32. Thepepndeofclatal,havingthesequenceofSEQIDN058. 

33. The peptide of claim 1, having the sequence of SEQ ID N029. 
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34. A composition comprising the agouti signaling protein or biologically 
active peptide thereof and a pharmaceutically acceptable carrier. 

35. A purified polyclonal antibody that specifically binds the peptide of claim 

33. 

36. A purified monoclonal antibody that specifically binds the peptide of claim 

33. 

37. A method of down-regulating in a subject a melanogenic enzyme involved 
in melanin synthesis, comprising administering to the subject an amount of the agouti 
signaling protein or a biologically active peptide thereof to down-regulate the 
melanogenic enzyme. 

38. A method of reducing melanin synthesis in a subject, comprising 
administering to the subject an amount of the agouti signaling protein or a biolopcafly 
active peptide thereof to reduce melanin synthesis. 

39. A method of altering melanin synthesis in a subject, comprising 
administering to the subject an amount of a nucleic acid that hybridizes to a nucleic acid 
encoding an agouti signaling protein, whereby the agouti encoding nucleic acid is not 
transcribed and melanin synthesis is altered. 

40. A method of treating a hyperpigmentary condition in a subject, comprising 
administering to the subject the agouti signaling protein or a biologically active peptide 
thereof 

41. A method of screening for inhibitors of melanin synthesis, comprising: 
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a) contacting a melanocyte culture with an amount of a putative 

inhibitor of melanin synthesis; 

b) detennining the amount of melanocyte enzyme present in the 

melanocyte culture from step a); 

c) comparing the amount of melanocyte enzyme determined in step 

d) to the amount of melanocyte enzyme in an uncontacted melanocyte 

culture; and 

e) correlating a decrease in at least one melanocyte enzyme with an 
inhibitor of melanin synthesis. 
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Figure 2 
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Figure 4 
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Figure 5 
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Figure 6B 
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Figure 10 
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Figure 12 
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Figure 13 
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SCREENING METHODS FOR COMPOUNDS THAT AFFECT MELANOGENESIS 

1. Field of the Invention 

The invention is in the fields of cell biology, drug discovery, and cosmetics. Methods 
of screening compounds that can affect P protein function are provided. The invention further 
5 relates to methods of using such compounds for the cosmetic and therapeutic reduction or 
increase of melanin content in human and animal cells. 

2. Background of the Invention 

Melanin is a dark pigment found in plants and animals that protects against ultraviolet 
radiation and provides decoration in the skin, eyes, hair, and fur of animals (reviewed in Riley, 

10 PA, 1997, Int. J. Biochem. Cell Bio!. 11:1235-39). There are two different types of melanin: 
brown/black eumelanin and yellow/red pheomelanin. Melanocytes are cells of the epidermis 
specialized to produce melanin. A sophisticated intercellular signaling system determines 
whether an individual melanocyte will produce eumelanin or pheomelanin (reviewed in 
Brilliant, M.H. and Barsh, G.S., 1998, in The Pigmentary System: Physiology and 

15 Pathophysiology, 217-29, Oxford University, New York (Nordlund, J.J. et a/. t eds)). 

Melanocytes synthesize melanin inside of specialized organelles called melanosomes 
(reviewed in Orlow, S.J., 1998, in The Pigmentary System: Physiology and Pathophysiology, 
97-106, Oxford University, New York (Nordlund, J.J. et a/., eds)). Melanosomes are formed 
by the fusion of two types of vesicles. One type of vesicle, called a premelanosome, 

20 apparently derives directly from either the smooth endoplasmic reticulum or the frans-Golgi 
network. The other type of vesicle derives from the frans-Golgi network. Each of these types 
of vesicles contributes proteins to the melanosome necessary for its function. 

Defects in the production of melanin result in pigmentation deficiencies such as 
albinism. Genetic analysis of abnormally pigmented strains of mice has identified more than 

25 60 genes necessary for the normal production of melanin (reviewed in Silvers, W.K., 1979, 
The Coat Colors of Mice: A Model for Mammalian Gene Action and Interaction, 
Springer-Verlag, Basel). One of these genes encodes the enzyme tyrosinase. Tyrosinase 
protein is a multi-functional enzyme that catalyzes several steps in the production of melanin; 
tyrosinase activities include the rate-limiting steps of converting tyrosine to 

30 dihydroxyphenylalanine (DOPA), and DOPA to dopaquinone (reviewed in Lerner, A.B., and 
Fitzpatrick, T.B., 1950, Physiol. Rev. 30:91-126), as well as the oxidation of 5,6- 
dihydroxyindole to 5,6-indolequinone (Komer and Pawelek, 1982, Science 217:1163-1165). 
Both humans and mice lacking tyrosinase activity suffer a severe form of albinism. 
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Two tyrosinase-related proteins (TRP-1 , encoded by the mouse brown gene, and 
TRP-2, encoded by the mouse slaty gene) also are important for melanogenesis (reviewed in 
Hearing, V.J., 1993, Am. J. Hum. Genet. 52:1-7). Each of the TRP proteins shares about 
40% sequence identity with tyrosinase and with each other. Each of these three enzymes 

5 (tyrosinase, TRP-1 and TRP-2) is predicted to contain one transmembrane domain. 
Together, they form a high molecular weight complex associated with the melanosomal 
membrane (Orlow, S.J., et ai t 1994, J. Invest. Dermatol. 103:196-201). 

Another protein that is important for the production of melanin is the P protein. In 
mice, it is the product of the pink-eye dilution (p) gene. In humans, it is the product of the P 

10 gene. Humans lacking P protein function suffer from type II oculocutaneous albinism 
(Durham-Pierre, D., et a/., 1994, Nature Genet. 7:176-79). p-null mice produce significantly 
less melanin than wild-type mice (Silvers, above). A wild-type human P gene, but not a 
mutant human P gene, can complement the hypopigmented phenotype of p-null mouse 
melanocytes (Sviderskaya, E.V., et a/., 1997, J. Invest. Dermatol. 108:30-34). P protein is 

15 apparently needed for the production of eumelanin, but not of pheomelanin (Lamoreux, M.L, 
et a/., 1995, Pigment Cell Res. 8:263-70). 

The P protein is predicted to contain 12 membrane spanning domains (Gardner, J.M., 
ef aA, 1992, Science 257:1121-24). Consistent with this prediction, the P protein is found 
associated with the surface of the melanosome (Rosemblat, S., ef a/., 1994, Proc. Natl. Acad. 

20 Sci. USA 91:12071-75), which is the same membrane surface thought to be associated with 
the high molecular weight tyrosinase-containing complex described above. 

Several authors have suggested that P protein acts as a tyrosine transporter by 
pumping tyrosine into the melanosome where it is converted into melanin by tyrosinase 
activity {see, e.g., Rinchik, E.M., ef a/., 1993, Nature 361:72-76). First, the P protein bears 

25 some resemblance to transport proteins found in prokaryotes. Second, cultured p-null mutant 
mouse melanocytes, which produce much less melanin than cultured wild-type mouse 
melanocytes, make increased levels of melanin when high concentrations of tyrosine are 
added to the cells' growth medium (Sviderskaya, E.V., ef ah, above; Rosemblat. S. ef a/., 
1998, Exp. Cell Res. 239:344-52). However, contradicting this suggestion, it has been found 

30 that tyrosine uptake by melanosomes is virtually the same in p-null and wild-type melanocytes 
(Gahl, W.A. ef a/., 1995, Pigment Cell Res. 8:229-233). This observation has led other 
authors to hypothesize that P protein is necessary for the transport into melanosomes of 
some other small molecule necessary for melanogenesis (summarized in Brilliant, M.H. and 
Barsh, G.S., 1998, above). 

35 Other authors have speculated that P protein plays a structural role in melanosomes 

(Lamoreux, M.L., ef a/., above). The integrity of melanosomes is compromised in cells 
lacking P protein. Tyrosinase activity, and therefore melanin production, is greatly decreased 
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in these defective melanosomes. Specifically, tyrosinase activity levels in melanocyte 
extracts of skin and eyes from p-null mice are lower than such extracts from wild-type mice 
(Lamoreux, M.L ? et a/., above; Chiu, E. ( et a/, 1993, Exp. Eye Res. 57:301-05). Moreover, 
levels of tyrosinase, TRP-1 and TRP-2 proteins are lower in p-null tissue extracts than in 
5 wild-type extracts (Rosemblat, S„ et a/., 1998, above). Additionally, a much greater 
percentage of tyrosinase, TRP-1, and TRP-2 proteins are found in their monomeric forms, 
rather than as part of a high molecular weight complex, in p-null tissue extracts than in 
wild-type extracts (Lamoreux, M.L., et a/., above; Chiu, E., et a/., above), and tyrosinase, 
TRP-1, and TRP-2 are all rapidly degraded in the ocular tissue of p-nutl mice (Chiu, E., et a/., 

10 above). Finally, several authors have observed that melanosomes in p-null tissues and 
cultured melanocytes are abnormal (Russell, E.S., 1949, Genetics 34:146-66; Rosemblat, S. 
et a/ M 1998, above). In p-mutant melanocytes from mouse eye, very few melanosomes are 
observed (Orlow, S.J. and Brilliant, M.H., 1999, Exp. Eye Res. 68:147-54). In cultured mutant 
melanocytes, a greater than normal number of melanosomes is present, but they are smaller 

15 than those seen in wild-type melanocytes (Rosemblat, S. et a/., 1998, above). 

Thus, although P protein is known to be critical for the production of normal amounts 
of melanin in the skin, hair and eyes, the function of the P protein in this process has 
remained elusive. Instead, researchers have looked to other molecular targets for inhibition 
studies. For example, tyrosinase's well-characterized enzymatic activity, amenability to 

20 biochemical analysis, and pivotal role in melanogenesis have made it an inviting target for 
inhibition studies (see, e.g., Tasaka, K., et a/., 1998, Meth. Find. Exp. Clin. Pharmacol. 
20:99-109; lida. K., era/., 1995, Planta Med. 61:425-28; Reish, O., et a/., 1995, Am. J. Hum. 
Genet. 57:127-32; Shirota, S., et a/., 1994, Biol. Pharm. Bull. 17:266-69; Kameyama, K., et 
a/., 1989, Differentiation 42:28-36). Researchers have also focused on the effects of 

25 intercellular signaling molecules on melanogenesis (see, e.g., Furumura, M. et at., 1998, 
Proc. Natl. Acad. Sci. USA 95:7374-78; Sakai, C, er a/., 1997, EMBO J. 16:3544-52; McLeod, 
S.D. era/., 1995, J, Endocrinol. 146:439-47). 
3.. Summary of the Invention 

The present invention provides novel screens for the identification of compounds that 
30 inhibit or increase melanogenesis in melanogenic cells. The development of these assays is 
based, in part, on the discovery that some compounds that inhibit melanogenesis do so by 
causing a mislocalization of tyrosinase, the key enzyme in melanin synthesis. 

The P protein is a pivotal target for compounds and drugs to decrease or increase 
pigmentation of the skin, hair and/or eyes. Accordingly, in one aspect, the present invention 
35 provides, for the first time, screens for compounds that inhibit or enhance P protein function 
based, in part, on the discovery that P protein function is required for proper cellular 
localization of tyrosinase and other melanosomal proteins and is required for both full 
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tyrosinase activity and melanogenesis in meianogenic cell types such as, for example, 
melanocytes and melanoma cells. 

Wild-type meianogenic cells target tyrosinase primarily to melanosomes. Some 
tyrosinase is also secreted by these cells. P protein-compromised meianogenic cells 

5 mislocalize tyrosinase. They secrete significantly more tyrosinase than wild-type 
meianogenic cells, and also contain tyrosinase in non-melanosomal vesicles. Tyrosinase that 
is secreted from meianogenic cells, regardless of whether the cells have normal or inhibited P 
protein function, is enzymatically active in the growth or incubation medium, where it can 
convert tyrosine into melanin. 

10 In one aspect, the present invention provides a method of screening for compounds 

that inhibit melanogenesis in meianogenic cells, comprising incubating these cells in medium 
containing a compound to be tested, and identifying compounds that cause a change in the 
cellular localization of tyrosinase in these cells. Mislocalization of tyrosinase can indicate 
inhibition of melanogenesis. 

15 in a still further aspect, the present invention provides methods of screening for 

compounds that increase melanogenesis in meianogenic cells, comprising incubating 
meianogenic cells in medium containing a compound to be tested, and identifying compounds 
that cause a decrease in the amount of tyrosinase secreted by the cells relative to the amount 
of tyrosinase retained by the cell, wherein such relative decrease in the amount of tyrosinase 

20 secreted indicates that the compound is a candidate for a compound that increases 
melanogenesis. 

Another aspect of the invention is based, in part, on the discovery that 
non-melanogenic cells can be made to produce active tyrosinase by transfecting them with a 
heterologous tyrosinase-encoding gene. The tyrosinase activity of these cells is dramatically 

25 increased by cotransfection with a heterologous P protein-encoding gene. Maximal 
tyrosinase activity in these cells is therefore dependent upon P protein function. When cells 
expressing both heterologous tyrosinase and heterologous P protein are treated with drugs 
that inhibit P protein function such as, for example, imipramine, the tyrosinase activity of these 
cells is reduced to that of cells expressing heterologous tyrosinase alone. Imipramine and 

30 other drugs that inhibit P protein function do not otherwise affect tyrosinase activity in cells 
that express heterologous tyrosinase but that do not express heterologous P protein. 

Accordingly, in a further aspect, the present invention provides methods of screening 
for compounds that affect (e.g., either inhibit or increase) P protein function in cells that do not 
ordinarily express tyrosinase and/or P protein, comprising manipulating these cells so that 

35 they express bolh tyrosinase and P protein, and treating the cells with a compound to be 
tested. The tyrosinase activity of these cells is measured. Compounds that affect (e.g., 
inhibit or increase) the tyrosinase activity of these cells, but that do not affect the tyrosinase 
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activity of cells expressing tyrosinase atone, are identified as compounds that affect 
tyrosinase in a P protein dependent manner. 

In a further aspect, the present invention provides methods for modeling chemical 
compounds known to affect or mimic the function of P protein. Analogs of the modeled 
5 compound are selected or designed, and screened for the ability to affect P protein function. 
By using analogs of a compound known to affect or mimic P protein function, new and better 
compounds that affect or mimic P protein function can be discovered using the methods of 
the present invention. 

In a still further aspect, the present invention provides methods for using, in medicinal 
10 and cosmetic compositions, compounds that affect or mimic the function of P protein, thereby 
treating a disease, condition, or disorder involving the production (underproduction or 
overproduction) of melanin. 

4. Brief Description of the Figures 

FIG. 1. Tyrosinase activity in media from cultured melanocytes. Melan-a 

15 melanocytes cultured from black mice, and melan-p melanocytes cultured from mice lacking a 
P gene transcript, were separately cultured in DMEM containing low (0.03 mM) or high (0.3 
mM) tyrosine for the indicated time period. The activity of tyrosinase was determined at 
specific time intervals in media from melanocytes. The medium was dialyzed prior to 
determining the enzyme activity, which is expressed as cpm of tritiated water generated per 

20 hour. ▲ Melan-a, high tyrosine; • melan-a, low tyrosine; A melan-p1 f high tyrosine; ° melan- 
p1, low tyrosine. Increasing tyrosinase activity in the media removed from melan-p cells, 
which have no P protein transcripts, grown in the presence of 0.03 mM tyrosine, reflects an 
increased secretion of tyrosinase by these cells. In contrast, melan-a cells, which represent 
wild-type melanocytes, secrete significantly less tyrosinase into the media. Growing melan-p 

25 cells in the presence of high tyrosine partially alleviated the P-deficient phenotype. 

FIG. 2. Tyrosinase activity in cell extracts and media from melan-A cells. Cultured 
melan-a melanocytes were incubated for 48 hours in the presence of benztropine, 
imipramine, nitroquipazine, or left untreated. Incubation media or cell extracts were assayed 
for tyrosine hydroxylase activity, as in FIG. 1. Column 1, untreated melanocytes; Column 2, 

30 melanocytes treated with benztropine; Column 3, melanocytes treated with 
10,11-Dihydro-n,n-dimethyl-5H-dibenz[b,f]azepine-5-propanamine (imipramine); Column 4, 
melanocytes treated with 6-Nitro-2-(1-piperazinyi)-quinoline maleate (nitroquipazine). In FIG. 
2a (left), tyrosine hydroxylase activity of melan-a cell extracts is measured in cpm [ 3 H]H 2 O/60 
micrograms protein/hr. In FIG. 2b (right), tyrosine hydroxylase activity in media from melan-a 

35 cells is measured in cpm [ 3 H]H 2 0/hr normalized to the amount of cell extract protein. The 
tyrosine hydroxylase activity of extracts from melan-a cells incubated with benztropine 
(column 2 in FIG. 2a.) and nitroquipazine (column 4 in FIG. 2a) is higher than that seen in 
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untreated cells. The extracts from cells treated with imipramine (column 3 in FIG. 2a) show a 
reduced activity. The effects of the drugs on the enzyme activity of the cell extracts is not 
reflected in the activity of the enzyme secreted into the media. While benztropine has little 
effect on activity (column 2 in FIG. 2b), imipramine (column 3 in FIG. 2b) and nitroquipazine 

5 (column 4 in FIG. 2b) cause a significant increase in activity in the media. 

FIG. 3. Relative tyrosinase activity in transfected COS cells. COS cells were 
transfected with two doses of the vector alone (V+V), one dose of the vector alone and one 
dose of the vector carrying a tyrosinase-encoding gene (V+T), one dose of the vector alone 
and one dose of the vector carrying a P protein-encoding gene (V+P), or one dose each of the 

10 vectors carrying a tyrosinase-encoding gene and a P protein-encoding gene (T+P). Equal 
quantities of cell extract protein were assayed for tyrosine hydroxylase activity. Relative 
activities shown are calculated as the activity of the test sample divided by the activity of the 
V+T sample. The introduction of an expression plasmid carrying the tyrosinase gene (V + T) 
results in tyrosine hydroxylase activity in COS cells. This activity is the direct result of the 

15 tyrosinase-encoding plasmid, since transfection with the expression vector (V + V) alone does 
not generate any tyrosine hydroxylase activity. The tyrosine hydroxylase activity in cells 
carrying the tyrosinase-encoding plasmid can be increased almost 4-fold by co-transfection 
with the P gene expression plasmid (T + P). This increase is the result of an interaction 
between tyrosinase and P protein, since the introduction of P (V + P) without tyrosinase 

20 generates no tyrosine hydroxylase activity. 

FIG. 4. Tyrosinase activity in transfected COS cells. COS cells transfected with a 
vector carrying a tyrosinase-encoding gene, or with a first vector carrying a tyrosinase- 
encoding gene and with a second vector carrying a P protein-encoding gene as in FIG. 3, 
were treated with benztropine, imipramine. nitroquipazine, or left untreated, as in FIG. 2. Cell 

25 extracts were prepared as in FIG. 3 The tyrosine hydroxylase activity of cell extracts was 
determined as in FIG. 1 as a measure of tyrosinase activity. Column 1, untreated 
transfectants; Column 2, transfectants treated with benztropine; Column 3 t transfectants 
treated with imipramine; Column 4, transfectants treated with nitroquipazine. Tyrosine 
hydroxylase activity is measured in cpm [ 3 HJH 2 O/60 micrograms protein/hr. Cells co- 

30 transfected with a tyrosinase-encoding gene and a P protein-encoding gene (T + P) show a 
higher tyrosine hydroxylase activity than cells transfected with a tyrosinase-encoding gene 
alone (V + T) (column 1 ). This effect is not altered by incubation of cells in the presence of 
benztropine (column 2) or nitroquipazine (column 4). The presence of imipramine, however, 
abolishes the effect of P protein while appearing to have little effect on the activity in the cells 

35 with tyrosinase alone (column 3). 

FIG. 5. Levels of secreted tyrosinase are elevated in melan-p1 and are reduced by 
inhibition of cysteinyl proteases, (a) Melan-p1 cells incubated in low (0.03 mM) tyrosine and 
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high (0.3 mM) tyrosine (TYR) were treated for 48 hours with increasing concentrations of the 
protease inhibitor E64 (uM). The tyrosinase activity in the media is expressed as a 
percentage of total activity in the extract and medium, (b) The concentration of melanin was 

determined by solubilizing the cell pellet and measuring the absorbance at 470 nm. j 

5 FIG. 6. Ultrastructure of cultured melanocytes. The peri-nuclear area of melan-a (A) 

and melan-p1 (B) melanocytes demonstrating the Golgi apparatus (G). Melanosomes in the 
melan-a cell are of stage I, II, III, and predominantly stage IV (arrows). Melanosomes in 
melan-p1 cells are predominantly stage I and It with an occasional early stage III 
(arrowheads); no stage IV melanosomes were observed. BAR = 1.0 micron. 

10 FIG. 7. Ultrastructure of cultured melanocytes processed for DOPA histochemistry. 

The perinuclear area of melan-a (A) . and melan-p1 (B) melanocytes demonstrating the Golgi 
apparatus with DOPA reaction product in the cistemae and 50 nm vesicles of the TGN (G). 
The 50 nm vesicles are confined to the TGN in the melan-a cells and radiate away from the 
TGN in meian-p1 cells (arrowheads), and can be observed in close proximity to the plasma 

15 membrane (inset). Occasional stage III melanosomes are noted (arrows). BAR = 1.0 micron. 

FIG. 8. Acid phosphatase targeting in melan-A and melan-P cells. Acid phosphatase 
activity was measured in fractionated membranes from melan-a (squares) and melan-p cells 
(circles) as described below in the Examples (Section 10). FIG. 8A = small granule fractions. 
FIG. 8B = large granule fractions. 

20 FIG. 9. p-galactosidase targeting in melan-A and melan-P cells, p-galactosidase 

activity was measured in fractionated membranes from melan-a (squares) and melan-p ceils 
(circles) as described below in the Examples (Section 10). FIG. 9A = small granule fractions. 
FIG. 9B = large granule fractions. 

FIG. 10. p-hexosaminidase targeting in melan-A and melan-P cells. {3- 

25 hexosaminidase activity was measured in fractionated membranes from melan-a (squares) 
and melan-p cells (circles) as described below in the Examples (Section 10). FIG. 10A = 
small granule fractions. FIG. 10B = large granule fractions. 

FIG. 11. p-glucosidase targeting in melan-A and melan-P cells, p-glucosidase 
activity was measured in fractionated membranes from melan-a (squares) and melan-p cells 

30 (circles) as described below in the Examples (Section 10). FIG. 11A = small granule 
fractions. FIG. 1 1 B = large granule fractions. 

FIG. 12. p-glucuronidase targeting in melan-A and melan-P cells, p-glucuronidase 
activity was measured in fractionated membranes from melan-a (squares) and melan-p cells 
(circles) as described below in the Examples (Section 10). FIG. 12A = small granule 

35 fractions. FIG. 12B = large granule fractions. 
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5. Detailed Description of the Invention 

The invention is based, in part, on the discovery that compounds that cause 
melanogenic cells to mislocalize tyrosinase (e.g.. to increase the amount of tyrosinase 
secreted or the amount of tyrosinase found in non-melanosomai vesicles) also inhibit 

5 melanogenesis. For purposes of the present invention, the term " melanogenic cells" is 
defined as cells that contain pigmented melanosomes (e.g.. melanocyte cells and melanoma 
cells). Melanogenic cells can include, for example, melanogenic cells that express 
heterologous melanosomal proteins. For example, in preferred embodiments, the coding 
sequence or sequences of the P protein gene, tyrosinase gene, TRP-1 gene, and/or TRP-2 

10 gene in a mouse melanogenic cell can be mutated or deleted, and the ceil engineered to 
express instead the corresponding coding sequence of the human P protein gene, tyrosinase 
gene, TRP-1 gene, and/or TRP-2 gene. 

Another aspect of the present invention is based, in part, on the discovery that the P 
protein is necessary to correctly localize tyrosinase predominantly to the membrane of 

15 melanosomes. 

Yet another aspect of the present invention is based on the finding that melanocytes 
treated with compounds that inhibit P protein function accumulate reduced amounts of 
intracellular melanin, and secrete increased amounts of tyrosinase into the growth medium. 

Still another aspect of the present invention relates to the discovery that, in the 
20 presence of the P protein, the enzymatic activity of tyrosinase protein in cultured cells is 
augmented. 

Accordingly, the present invention provides novel methods of screening for 
compounds that inhibit melanogenesis. Compounds identified using the methods of the 
present invention are useful for treating diseases and cosmetic defects associated with the 

25 underproduction or overproduction of melanin. 

In another aspect, the present invention relates to the discoveries that wild-type 
melanogenic cells with normal P protein function secrete some tyrosinase, and that 
compounds that increase secretion of tyrosinase in a P protein dependent manner also inhibit 
melanogenesis. Accordingly, the present invention provides novel methods of screening for 

30 compounds that increase melanogenesis by increasing the function of P protein. For 
purposes of this application, compounds that increase the function of P protein and 
compounds that decrease the function of P protein are collectively referred to herein as 
* compounds that affect the function of P protein." Still another aspect of the invention is a 
method of screening for compounds that increase melanogenesis by mimicking the function of 

35 P protein. For purposes of the invention, "compounds that mimic the function of P protein" 
are compounds that are not P proteins, yet when they are administered to, or incubated with, 
melanogenic cells that do not contain P protein, they serve to restore at least in part the 
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correct targeting of tyrosinase to the melanogenic membrane. Melanogenic cells that do not 
contain P protein may be cells that do not express P protein transcripts (such as melan-p 
cells, described herein) or melanogenic cells that do not express a functional P protein gene 
product. 

5 5.1 Methods of Screening for Inhibitors or Inducers of Melanogenesis 

5.1.1 Methods of Screening for Inhibitors of Melanogenesis Using 
Melanogenic Cells 

In order for melanogenic cells to engage in robust melanogenesis, they must target 
their tyrosinase predominantly to the melanosomal membrane. Consequently, in one aspect, 

10 the methods of the present invention entail screening for compounds that cause melanogenic 
cells to mislocalize tyrosinase. P protein function is necessary for the correct cellular 
localization of tyrosinase. Therefore, in another aspect, the methods of the present invention 
entail screening for compounds that inhibit P protein function, thereby causing melanogenic 
cells to mislocalize tyrosinase. Such methods are based, in part, on the discovery that 

15 cultured melanocytes that have been genetically altered to eliminate P protein function 
secrete significantly more tyrosinase into the growth medium than wild-type melanocytes. 
Compounds, such as, e.g.. imipramine, that reduce or eliminate P protein function will have 
the same effect. Thus, the cellular mislocalization of tyrosinase by cells treated with a test 
compound indicates that the test compound inhibits melanogenesis. Mislocalization of 

20 tyrosinase resulting in secretion can be detected initially by assaying either the level of 
tyrosinase activity in the medium or cells, or the level of tyrosinase protein in the medium or 
cells. Test compounds that cause an increase in secretion of tyrosinase, or a decrease in 
intracellular tyrosinase, are candidates for compounds that inhibit melanogenesis by inhibiting 
P protein function. Such candidate compounds can be further investigated for their effect on 

25 melanogenesis, and/or for their effects in both the presence and absence of P protein, as 
described more fully below. If the effect of the candidate compound depends upon the 
presence of P protein, then the compound inhibits the function of P protein. 

Because growing P-protein-deficient melanocytes in the presence of high levels of 
tyrosinase in the medium can partially rescue the P-protein-deficiency, it is preferable, but not 

30 necessary, that a screen for inhibitors of melanogenesis is carried out in the presence of low 
amounts of tyrosine in the media, e.g., 0.01-0.05 urn tyrosine, more preferably 0.014-0.03 urn 
tyrosine. 

5.1.1.1 Methods of Screening for Inhibitors of Melanogenesis Using Assays for 
Tyrosinase activity 

35 Wild-type melanogenic cells grown in in vitro culture will synthesize melanin inside of 

melanosomes as they do in vivo. In these cultured cells, tyrosinase is found predominantly in 
the melanosomal membrane, although some tyrosinase is also secreted. The tyrosinase that 
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is found in the melanosomal membrane is held in place by a C-terminal transmembrane 
domain and has its active site disposed toward the melanosomal lumen. By contrast in 
melanogenic cells inhibited for melanogenesis through either a mutation in P protein or a 
compound that inhibits P protein function, tyrosinase will be mislocalized. A significantly 
5 greater fraction of the cells' tyrosinase is secreted from the cells into the growth or incubation 
medium. Additionally, the secreted tyrosinase polypeptide will be shorter than that found in 
wild-type cells because it lacks its C-terminal membrane anchor. The secreted tyrosinase, 
however, is enzymatically active in the growth or incubation medium where it can synthesize 
melanin from extracellular tyrosine. Consequently, tyrosine-containing growth or incubation 
10 media from melanogenic cells that have been inhibited for melanogenesis will turn dark. The 
higher the concentration of tyrosine in the medium, the darker the medium becomes, and the 
higher the concentration of tyrosinase in the medium, the faster the medium darkens. 
Because melanogenic cells that are not inhibited for melanogenesis secrete significantly less 
tyrosinase, the tyrosine-containing growth or incubation media in which they are cultured will 
1 5 not become as dark. 

This discovery can be used in a novel method of screening to identify compounds that 
inhibit or modulate melanogenesis. Melanogenic cells are grown in culture or incubated in 
medium containing tyrosine. The cells are treated with a test compound. If the test 
compound causes tyrosinase to be mislocalized and secreted from the treated cells, then 
20 tyrosine in the medium will be converted into melanin, darkening the medium. An assay is 
used wherein the color of the medium is compared to the color of the medium of the 
melanogenic ceils grown or incubated under similar conditions but without the test compound 
(a control medium). If the medium of the cells treated with the test compound turns darker 
than the control medium, then the test compound is identified as candidate for a compound 
25 that inhibits melanogenesis. 

More typically, in order to obtain at least semi-quantitative data, the media from the 
cells is first filtered, centrifuged and/or dialyzed prior to assay for tyrosinase activity. These 
types of treatments remove potentially confounding factors such as celts or particulate matter 
(e.g., melanosome or shed membranes) containing tyrosinase that could compete for 
30 substrate, and/or remove excess free tyrosine that might compete with labeled substrate. Any 
of a number of alternative ways of measuring tyrosinase can be carried out, such as by using 
any of the enzymatic tyrosinase activities including but not limited to converting tyrosine to 
dihydroxyphenyialanine (DOPA), DOPA to dopaquinone, and oxidation of 5,6-dihydroxyindole 
to 5.6-indolequinone. For example, when assaying for the tyrosine hydroxylase activity of 
35 tyrosinase, non-tyrosine or altered tyrosine substrates of tyrosinase can be used in addition to 
tyrosine. In one aspect, melanogenic cells are grown or incubated in culture with a test 
compound. After pretreatment of the medium, a non-tyrosine or altered tyrosine substrate of 
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tyrosinase is added to the growth or incubation medium. The substrate can be a homolog, 
analog, or derivative of tyrosine which can be a natural product or produced synthetically. 
Tyrosinase activity in the medium converts the substrate into its product. 

An assay is then used to detect the presence of the product and/or the absence of the 
5 substrate. One non-limiting assay is a colorimetric assay. In methods of screening for 
compounds that inhibit melanogenesis that use a colorimetric assay, a substrate is chosen 
that changes color when it is acted upon by tyrosinase. That is, the wavelength of light 
absorbed by the substrate is different than the wavelength of light absorbed by the products of 
the reaction catalyzed by tyrosinase. The wavelength of light absorbed by the substrate 

10 and/or by the products can be in the visible light range, the infrared range, or the ultraviolet 
range of the spectrum. The concentration of substrate, incubation time, and other reaction 
conditions can be chosen such that the speed and/or intensity of the color change is 
proportional to the amount of tyrosinase activity in the cells' growth or incubation medium. 
The color change can be detected by direct observation, or measured by a device, such as a 

15 spectrophotometer and compared, e.g., to a standard curve prepared using varying amounts 
of product. 

An example of a colorimetric assay is the DOPA oxidase assay. In one method of 
screening for compounds that inhibit melanogenesis using this assay, a compound to be 
tested for its ability to inhibit melanogenesis is added to the growth or incubation medium of 

20 melanogenic cells. After filtration, centrifugation and/or dialyzation of the medium, L-DOPA is 
added under conditions that would otherwise allow for tyrosinase to catalyze the formation of 
dopachrome from L-DOPA. In a preferred though non-limiting embodiment, the final 
concentration of L-DOPA in the medium is about 5 x 10* 3 M, the pH is about 7.4. and the 
temperature is about 25°C. Increased absorbance of the medium at 475 nm (relative to the 

25 absorbance at 475 nm of medium from similar cells grown under similar conditions but without 
the test compound) indicates the formation of dopachrome by tyrosinase in the medium, and 
therefore the inhibition of melanogenesis by the test compound. 

Alternatively, as dopachrome absorbs light within the visible range, the presence of 
dopachrome, and hence the inhibition of melanogenesis, can be determined by direct 

30 inspection of the reaction, without the aid of a spectrophotometer. 

Another assay is a radiometric assay. In an alternative method of screening for 
compounds that inhibit melanogenesis using this assay, substrate is radioactively labeled and 
added to the growth or incubation medium to be assayed. If tyrosinase is present in the 
medium, it cleaves the substrate into a labeled product and an unlabeled product. The 

35 amount of radioactive substrate that has been converted into radioactive product is measured. 
The concentration of substrate, time of incubation, temperature of incubation, and other 
reaction conditions can be chosen so that the amount of radioactive product produced is 
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proportional to the amount of tyrosinase in the growth or incubation medium being assayed. 
A greater amount of labeled product in the medium from cells treated with the test compound 
than in the medium of similar cells grown under similar conditions but without the test 
compound indicates that the test compound is a candidate for a compound that inhibits 
melanogenesis. 

An example of this type of assay is the radiometric tyrosine hydroxylase assay. In 
this assay, the amount of [ 3 H]H 2 0 released from [ 3 H]tyrosine as a result of the tyrosine 
hydroxylase activity of the tyrosinase enzyme is measured. In one method of screening for 
compounds that inhibit melanogenesis that uses this assay, media from melanogenic cells is 
harvested and cells removed. Additionally, the media can be dialyzed before assay. For 
assays, 1.5 microCi [ 3 H]tyrosine is added to the media and incubated for defined lengths of 
time at appropriate temperature for enzyme activity. Unreacted [ 3 H)tyrosine is removed from 
the medium by adsorption onto 10% (w/v) activated charcoal in 0.1 M citric acid, then treated 
with 50% (w/v) Dowex resin solution. The medium is mixed with scintiliant and counted in a 
1 5 beta-counter. A significant increase in [ 3 H]H 2 0 levels in the medium of cells that were treated 
with a test compound compared to [ 3 H]H 2 0 levels in the medium of similar cells grown under 
similar conditions without test compound indicates that the test compound is a candidate for a 
compound that inhibits melanogenesis. 

Yet another example of this type of assay is the radiometric melanin synthesis assay. 
20 In this assay, the amount of [ 14 C]tyrosine or [ 14 C]DOPA incorporated into [ 14 C]melanin is 
measured. In a non-limiting example of a method of screening for compounds that inhibit 
melanogenesis that uses this assay, melanogenic cells are grown or Incubated in medium 
containing a test compound. The medium is harvested and 1 microCi [ 14 C)tyrosine is added 
and incubated at the appropriate temperature for four hours. The reaction is terminated with 
25 ice-cold 10% (w/v) TCA and the mixture vortexed and frozen for 24 hours. The mixture is 
then thawed and centrifuged at 1000 g for 15 minutes at 4°C. The pellet is resuspended in 
ice-cold 5% TCA (w/v). This step is repeated twice. The final pellet containing [ 14 qmelanin is 
solubilized in Soluene®-350 (Packard Instrument Company, Meriden, CT) for four hours, 
mixed with scintiliant, and counted. Alternatively, the pellet can be collected on filter paper 
30 and counted. A significant increase in [ 14 C)melanin levels in media of cells that were treated 
with a test compound compared to [ 14 C]melanin levels in media of similar cells grown under 
similar conditions but without the test compound indicates that the test compound is a 
candidate for a compound that inhibits melanogenesis. 

Another assay is a fluorescence assay. In this assay, the substrate and/or its 
35 products are fluorescent. The wavelength of light absorbed and/or emitted by the substrate is 
different from the wavelength of light absorbed and/or emitted by the products. In a non- 
limiting example of a method of screening for compounds that inhibit melanogenesis that uses 
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this assay, melanogenic cells are grown in culture in the presence or absence of the test 
compound. After a period of growth or incubation, the media is removed, tyrosinase substrate 
added, and a fluorometer used to measure the fluorescence of the growth or incubation 
medium. The concentration of substrate, time of incubation, temperature of incubation and 
5 other reaction conditions can be chosen so that the change in fluorescence is proportional to 
the levels of tyrosinase activity in the medium being analyzed. A significant difference in 
fluorescence levels of media from cells treated with a test compound compared to 
fluorescence levels of media from similar cells grown under similar conditions but without the 
test compound, indicates that the test compound is a candidate for a compound that inhibits 

10 melanogenesis. 

Another type of assay involves the precipitation of reaction products. In an example 
of a method of screening for compounds that inhibit melanogenesis that uses this assay, a 
substrate of tyrosinase is incubated with the harvested growth or incubation medium under 
conditions that promote the activity of tyrosinase. The substrate is acted upon by tyrosinase 

15 to produce a reaction product that can be precipitated. The reaction product is precipitated. 
The reaction product can be precipitated from the medium by, for example, increasing or 
decreasing the temperature of the medium, increasing or decreasing the pH of the medium, 
increasing or decreasing the ionic strength or salt concentration of the medium, or otherwise 
altering the medium appropriately, or by centrifugation if the reaction product is insoluble. 

20 Substrate concentrations, time of incubation, temperature of incubation, and other reaction 
conditions can be chosen so that the amount of precipitable reaction product is proportional to 
the levels of tyrosinase activity in the medium being analyzed. A significant increase in the 
amount of reaction product precipitated from the media of cells treated with a test compound 
compared to the amount of reaction product precipitated from the media of similar cells grown 

25 under similar conditions but without the test compound indicates that the test compound is a 
candidate for a compound that inhibits melanogenesis. 

5.1.1.2 Methods of Screening for Inhibitors of Melanogenesis 

Using Assays for Tyrosinase Protein 
The preceding methods of screening serve to identify inhibitors of melanogenesis 

30 using assays of tyrosinase activity (i.e., the protein's enzymatic activities). The present 
invention further provides a method of screening inhibitors of melanogenesis using assays for 
either extracellular or intracellular tyrosinase protein levels. As explained above, tyrosinase is 
primarily localized to the melanosomal membrane in melanogenic cells. Compounds that 
cause tyrosinase to be mislocalized serve to inhibit melanogenesis. In the following methods 

35 of screening, assays for determining tyrosinase protein levels and/or locations are used. This 
can be done using any of the standard techniques of protein detection known in the art. The 
protein detection assays employed herein can be those described in Harlow and Lane 
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(Harlow, E. and Lane, D.. 1988, Antibodies: A Laboratory Manual, Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York), which is incorporated herein by reference 
in its entirety. These assays include, but are not limited to. immunological assays, including 
Western blots, solid-phase radioimmunoassays, in situ hybridizations, and 
5 immunoprecipitations. Anti-tyrosinase antibodies are known in the art, and novel anti- 
tyrosinase antibodies can be generated using well-known techniques. Id. 

In a non-limiting method of screening for compounds that inhibit melanogenesis, 
melanogenic cells are grown or incubated in medium containing a test compound. The 
presence, concentration, or amount of tyrosinase in the medium is determined using a protein 
10 detection assay as described above. Test compounds that cause treated cells to secrete 
more tyrosinase than similar cells grown or incubated under similar conditions but without the 
test compound are candidates for compounds that inhibit melanogenesis. 

Another type of assay that can be used in this screen determines the cellular 
localization of tyrosinase protein. In wild-type melanogenic cells, most tyrosinase is targeted 
15 to the melanosomal membrane, while some tyrosinase is secreted. Mutations or compounds 
that inhibit melanogenesis (e.g., mutations or compounds that inhibit P protein function) can 
cause tyrosinase to be secreted to the medium in greater amounts or to be mislocalized to 
non-melanosomal vesicles. These non-melanosomal vesicles can be separated from 
melanosomes using subcellular fractionation techniques. In a non-limiting example of a 
20 method of screening for compounds that inhibit melanogenesis that uses this assay, 
melanogenic cells are grown or incubated in medium containing a test compound and the 
cells are harvested. The subcellular distribution of tyrosinase is then determined in these 
cells and compared to the subcellular distribution of tyrosinase in similar cells grown or 
incubated under similar conditions but without the test compound. The assay can incorporate 
25 any technique or combination of techniques known in the art, including subcellular 
fractionation (for example, by sucrose or Percoll density gradient centrifugation). Western 
blotting of the cells' contents, and tyrosinase activity assays of each subcellular fraction. A 
decrease in the fraction of total tyrosinase protein found in the melanosomal fraction, or an 
increase in the fraction of total tyrosinase protein found in a non-melanosomal fraction, in cells 
30 treated with the test compound relative to cells not treated with the test compound indicates 
that the test compound inhibits melanogenesis. 

Other qualitative assays can be used, such as, e.g., microscopic examination of cells 
treated with the test compound. For example, cell staining techniques, as known in the art, 
can be used. Cells are grown or incubated in medium containing tyrosine and in the presence 
35 of a test compound. The cells are stained using anti-tyrosinase antibodies, then examined 
microscopically. In a non-limiting example of a method of screening using this type of assay, 
melanogenic cells are grown or incubated in medium containing a test compound, and 
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prepared for cell staining using techniques commonly known in the art. See, e.g., Harlow and 
Lane, 1988, above. Prepared cells are stained using anti-tyrosinase antibodies. The 
anti-tyrosinase antibodies can be conjugated to a moiety allowing for its detection. Preferably, 
a secondary antibody is used. The secondary antibody recognizes and binds to the 
5 anti-tyrosinase antibody. Preferably, the secondary antibody is conjugated to a moiety 
allowing for its detection. Alternatively, a tertiary antibody can also be used. The tertiary 
antibody is preferably conjugated to a moiety allowing for its detection. Examples of moieties 
allowing for the detection of antibodies include fluorescent molecules (for example, 
fluorescein, rhodamine. Hoechst 33258, or Texas red), enzymes (for example, horseradish 

10 peroxidase, alkaline phosphatase, or beta-galactosidase), gold particles, radioactive isotope, 
and biotin. An assay is selected based on the labeling moiety used. For example, 
fluorescence microscopy can be used to detect fluorescently labeled antibodies. For cells 
stained with enzyme-conjugated antibodies, the cells are further treated with an appropriate 
substrate for conversion by the antibody-bound enzyme, followed by examination by light 

15 microscopy. Gold-particle labeled antibodies can be detected using light or electron 
microscopy. Isotope-labeled antibodies can be detected using radiation-sensitive film. For 
cells stained with biotin-conjugated antibodies, the cells are further treated with streptavidin or 
avidin. The streptavidin or avidin is conjugated to a moiety that allows for detection such as, 
for example, a fluorescent molecule, an enzyme, gold particles, or radioactive isotope. 

20 Preferably, the cells are co-stained with an antibody or antibodies specific for particular 
subcellular compartments (e.g., endosomes, lysosomes, melanosomes, etc.). Using any one 
of these techniques, or any other known technique for detecting antibodies in 
antibody-stained cells, the subcellular distribution of tyrosinase can be determined. If the test 
compound causes an increased amount of tyrosinase to be found in non-melanosomal 

25 vesicles, and less tyrosinase in melanosomes, then it inhibits melanogenesis. 

Another type of assay that can be used determines the presence or absence of the 
C-terminal portion of the tyrosinase protein. This assay depends, in part, on the discovery 
that melanogenic cells inhibited for melanogenesis (e.g., by mutations or compounds that 
inhibit P protein function) contain and secrete a version of tyrosinase that lacks the Otermina! 

30 portion of tyrosinase, including its transmembrane domain and its protein sorting signal. As 
explained above, this truncated form of tyrosinase nonetheless retains catalytic activity. In a 
non-limiting example of a method of screening based on this assay, melanogenic cells are 
grown or incubated in the presence of attest compound. An assay is selected that allows the 
length and/or mass of tyrosinase protein to be determined. For example. Western blots or 

35 other immunohistochemical techniques using antibodies that recognize the N-terminal or 
central portions of the tyrosinase protein, or other standard molecular biological techniques 
useful for the determination of protein length or mass, can be performed on extracts of these 
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cells and/or on their growth or incubation medium. Antibodies appropriate for these assays 
can be prepared using standard immunological techniques. See, e.g., Harlow and Lane, 
1988, above. If the assay reveals the presence of a shorter or lower molecular weight form of 
tyrosinase, relative to similar cells grown or incubated under similar conditions but without the 
5 test compound, then the test compound inhibits melanogenesis. Alternatively, Western blots 
or other immunohistochemical techniques using antibodies recognizing the C-terminal portion 
of tyrosinase (e.g., the anti-PEP7 antibody prepared as described in Jimenez et a/. f 1991, J. 
Biol. Chem. 266:1147-1156) can be used in the assay. In these assays, a reduction in the 
amount of tyrosinase protein detected by the antibodies indicates that the test compound 
10 inhibits melanogenesis, because the truncated tyrosinase lacks the sequences recognized by 
the antibodies. 

Both full length tyrosinase, and the truncated tyrosinase found in and secreted by 
melanogenic cells with inhibited or absent P protein, remain catalytically active when run on 
non-denaturing polyacrylamide gels. This observation is the basis, in part, of another assay 

15 for the truncated tyrosinase protein. Thus, melanogenic cells can be grown or incubated in 
medium containing a compound to be tested. Either the growth or incubation medium is 
collected, or cell extracts are prepared, and subjected to non-denaturing polyacrylamide gel 
electrophoresis. Smaller, more flexible proteins will migrate farther than larger proteins with 
more complicated three-dimensional structure. Filter paper or a membrane (e.g., 

20 nitrocellulose) is soaked in L-DOPA and applied to the gel. Active tyrosinase in the gel 
converts L-DOPA into melanin, creating dark spots on the filter or membrane indicating the 
location, and therefore the relative size, of tyrosinase. If cells treated with the test compound 
produce two spots on the filter or membrane, wherein one spot indicates tyrosinase of the 
same size as produced by similar cells grown under similar conditions but without the test 

25 compound, and the other spot indicates tyrosinase of smaller relative size, then the test 
compound is a candidate for a compound that inhibits melanogenesis. 

Full length tyrosinase in wild-type melanogenic cells with normal P protein function is 
found primarily in the insoluble fraction of cell extracts. To be released, it must be solubilized 
with a detergent (e.g., Triton X-100™). In contrast, the smaller truncated version of tyrosinase 

30 in melanogenic ceils with inhibited P protein function is found in vesicles in the soluble 
fraction. These observations are the basis, in part, of another assay that can be used to 
detect truncated tyrosinase in P protein-compromised cells. Thus, melanogenic cells are 
grown or incubated in medium containing a compound to be tested. The cells are harvested 
and can be subjected to a detergent phase separation to separate membrane-anchored 

35 proteins from soluble proteins. For example, the cells can be solubilized on ice in a buffer 
containing Triton X-114™. Insoluble contaminants can be spun out at 4°C. Then the 
supernatant, which contains solubilized proteins, is phase- separated at room temperature or 
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elevated temperatures into a detergent phase and an aqueous phase. The ratio of tyrosinase 
in the detergent phase (which will contain tyrosinase proteins containing the C-terminal 
portion of the protein which anchors tyrosinase in the membrane) to tyrosinase in the aqueous 
phase (which will contain tyrosinase proteins which lack the C-terminal portion) is determined. 
5 Alternatively, cells are harvested and membranes disrupted by a freeze/thaw cycle or cycles. 
The disrupted cells are then separated into a soluble fraction and a membrane-bound, 
insoluble fraction. The ratio of soluble tyrosinase in the soluble fraction to insoluble, 
membrane-bound tyrosinase in the membrane fraction is determined. If cells treated with the 
test compound have higher levels of soluble tyrosinase than insoluble, membrane-bound 
10 tyrosinase than that from similar cells grown under similar conditions but without the test 
compound, then the test compound is a candidate for a compound that inhibits 
melanogenesis. 

5.1.1.3 Other Methods of Screening for Inhibitors of 

Melanogenesis 

15 As described above, the mislocalization and secretion of tyrosinase, and the reduction 

of tyrosinase activity, are not the only results of an inhibition of melanogenesis. Other 
melanogenic enzymes are also affected, as is the biogenesis of melanosomes. 

Inhibition of melanogenesis by mutations that inhibit P protein function can cause a 
marked alteration in the amount of several melanogenic proteins produced in melanocytes, 

20 including the TRP-1, TRP-2, and LAMP-1 gene products (Oriow, S.J., and Brilliant, M.H., 
1999, above). In the eyes of wild-type mice, the levels of TRP-1 and TRP-2 gene products 
are high at birth, fall sharply, increase gradually to another peak at about 2 weeks, then 
permanently fall to undetectable levels by about 40 days. In mice that lack P protein function, 
for example, the levels of these proteins are much lower at birth and are undetectable after 

25 only a few days {id.). 

Another effect of inhibited melanogenesis caused by a mutation which inhibits P 
protein function is the disruption of a high molecular weight complex comprising tyrosinase, 
TRP-1 protein, and TRP-2 protein (Orlow, SJ. ef at., 1994, above). For purposes of the 
present invention, the term "high molecular weight complex" is defined as a group of proteins 

30 bound to each other via covalent and/or non-covalent bonds that remain associated with each 
other during non-denaturing gel filtration, HPLC, or sucrose gradient sedimentation and have 
an apparent molecular weight of between about 200 kD and about 700 kD. In wild-type 
melanogenic cells, this "melanogenic complex," which is associated with the melanosome, 
contains a significant fraction of the cells' complement of tyrosinase, TRP-1 protein and 

35 TRP-2 protein. In melanogenic cells inhibited for melanogenesis by inhibition of P protein 
function, very little of any of these proteins is found in high molecular weight complexes. 
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Another assay takes advantage, in part, of these effects. In a non-limiting example of 
a method of screening for compounds that inhibit melanogenesis that uses this type of assay, 
melanogenic cells are grown or incubated in medium containing a compound to be tested. 
The cells are harvested, disrupted, and fractionated. This fractionation can be done, for 
5 example, using sucrose gradient sedimentation. Aliquots from the sedimentation are assayed 
for the presence of melanogenic proteins such as, for example, by using assays for 
tyrosinase, TRP-1, and/or TRP-2 activity, or by using immunohistochemical assays, such as 
immunoblotting. Increased amounts of any of these three proteins in low density aliquots 
and/or decreased amounts of any of these three proteins in high density aliquots, relative to 
10 similar cells grown or incubated under similar conditions but without the test compound, 
indicate that the test compound is a candidate for a compound that inhibits melanogenesis. 

Another consequence of inhibited melanogenesis can be the aberrant development of 
meianosomes. Wild-type melanogenic cells typically contain abundant, fully developed, 
darkly pigmented meianosomes. Such fully developed, darkly pigmented meianosomes are 
15 less abundant or absent in melanocytes inhibited for melanogenesis due to a mutation in the 
P protein-encoding gene when they are grown or incubated in medium containing low 
concentrations of tyrosine. Rather, these cells contain an unusually large number of 
immature meianosomes. This phenomenon is the basis, in part, for another assay that can 
be used. In a non-limiting example of a method of screening for compounds that inhibit 
20 melanogenesis that uses this type of assay, melanogenic cells are grown or incubated in 
medium containing a test compound. The number, size, shape, and/or color of the 
meianosomes in the cells is assayed. Such assays are well known in the art. For example, 
cells can be fixed and stained and examined using light microscopy. Alternatively, cells can 
be fixed, stained, sectioned, and examined using electron microscopy. Alternatively, cells can 
25 be fractionated using density centrifugation. Mature meianosomes are denser than immature 
meianosomes, and so can be separated from them on the basis of density using well known 
techniques. Cells treated with a test compound that have meianosomes that are altered in 
number, size, shape, and/or color compared to meianosomes from similar cells grown or 
incubated under similar conditions but without the test compound indicates that the test 
30 compound inhibits melanogenesis. 

5.1.1.4 Methods of Screening for Inhibitors of P Protein 

Function 

As explained above, the P protein plays a pivotal role in melanogenesis. 
Melanocytes with loss of function mutations in the P protein-encoding gene are inhibited for 
35 melanogenesis. In P deficient or P inhibited cells, inhibition of melanogenesis is correlated 
with mislocalization of tyrosinase. Whereas in wild-type melanocytes tyrosinase is localized 
primarily to meianosomes, in melanocytes with loss of function mutations in the P 
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protein-encoding gene, tyrosinase is predominantly secreted or found in non-rnelanosomal 
vesicles. Inhibition of melanogenesis and the mislocalization of tyrosinase can be mimicked 
by treating wild-type melanocytes with compounds that inhibit the function of P protein (e.g., 
imipramine). 

5 These discoveries are the basis, in part, for a number of screens for inhibitors of 

melanogenesis. These screens serve to identify inhibitors of melanogenesis by identifying 
inhibitors of P protein function. Thus, melanogenic cells are grown or incubated in medium 
containing a compound to be tested for its ability to inhibit P protein function. The effect, if 
any, of the compound can be determined using, for example, any one of the assays described 

10 above. In a non-limiting embodiment, the activity of tyrosinase in the growth or incubation 
medium of the cells can be measured. For example, tyrosine can be added to the medium, 
and its conversion to melanin monitored. Alternatively, non-tyrosine or altered tyrosine 
substrates of tyrosinase can be added to the medium, and their conversion into reaction 
products by tyrosinase can be followed by, for example, colorimetric assays (e.g., the DOPA 

15 oxidase assay), radiometric assays (e.g., the radiometric hydroxylase or radiometric melanin 
synthesis assays), fluorescence assays, or by the precipitation of reaction products. These 
assays are described in detail in Section 5.1.1.1, above. 

Alternatively, the assays of tyrosinase protein may be used. These assays can 
measure, for example, the amount of tyrosinase in the growth or incubation medium of the 

20 cells treated with the compound to be tested, the cellular localization of tyrosinase (e.g.. by 
subcellular fractionation of the cells, or by staining and microscopic examination of the cells), 
or the length or mass of the tyrosinase molecules within the cells. These assays are 
described in detail in Section 5.1 .1 .2, above. 

Other assays that can be used include those that measure other effects of the 

25 inhibition of P protein function. For example, these assays can measure the amount or 
activity of TRP-1 and/or TRP-2 protein in cells treated with the compound to be tested, the 
abundance or composition of the high molecular weight melanogenic complex, or the 
presence or absence of aberrant melanosomes. These assays are described in detail in 
Section 5.1 .1 .3, above. 

30 Still another assay that can be used involves measuring the intracellular targeting, 

intracellular levels and/or secretion of a certain class of lysosomal hydrolases. Normally, 
newly synthesized lysosomal hydrolases are transported from the frans-Golgi network to a 
late endosome compartment, portions of which are thought to eventually fuse with or form 
lysosomes. These lysosomes, containing most of the intercellular lysosomal hydrolase 

35 activity, can be detected in a large granule fraction prepared from fractionated cells. As 
illustrated below by way of a non-limiting example, some, but not all, lysosomal hydrolases 
are not correctly targeted to the lysosome-containing large granule fraction from melan-p cells 
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as opposed to melan-a cells, in particular, lysosomal hydrolases that are transported from the 
trans-Go\Q\ network to the late endosome via binding to the mannose-6-phosphate/insulin-like 
growth factor type II receptor (the w M6P/IGF-II receptor') do not accumulate in the large 
granule fraction. Such incorrectly targeted lysosomal hydrolases include P-hexosaminidase, 
5 p-glucosidase, p-glucuronidase and p-galactosidase. In contrast, acid phosphatase, which is 
not transported to the late endosome via the M6P/IGF-II receptor, correctly accumulates in 
the large granule fraction in both melan-a and melan-p cells. Thus, P protein function is also 
necessary for the correct targeting of lysosomal enzymes that are transported to the late 
endosome via the M6P/IGF-II receptor. The default pathway for such enzymes is secretion 
1 0 into the exterior of the cell. 

These results are the basis, in part, for additional methods of screening for 
compounds that affect P protein function. Accordingly, in lieu of, or in addition to, assays for 
the mislocalization of tyrosinase, one can screen for the effect of a test compound on the level 
and/or localization of any lysosomal hydrolase that is normally transported to the late 
15 endosome via the M6P/IGF-II receptor, including but not limited to p-hexosaminidase, p- 
glucosidase, p-glucuronidase and p-galactosidase. Since these lysosomal hydrolases are, 
like tyrosinase, proteins and more particularly enzymes, any of the methods described above 
to assay for the presence of tyrosinase's enzymatic activity and/or protein can be adapted to 
assay lysosomal hydrolases. Assays for the enzymatic activity of these enzymes are well 
20 known in the art (and, in part, illustrated below by way of non-limiting example), as are their 
amino acid structures and antibodies that recognize the same. For example, one can assay 
for the presence and/or levels of lysosomal hydrolases in whole cells or cell extracts, in the 
large granule fraction of a cell extract, and/or in the medium from cells treated with test 
compounds. Compounds that cause either a decrease in accumulation of such lysosomal 
25 enzymes in cells or, more particularly, the large granule fraction, or an increase in secretion of 
such lysosomal enzymes, are candidates for compounds that inhibit the function of P protein; 
such candidate compounds are then further analyzed using one of the other methods of the 
invention. 

5.1.2 Methods of Screening for Compounds that Increase Melanogenesis. 
30 Increase P Protein Function and/or Mimic P Protein Function 

As explained above, wild-type melanogenic cells typically secrete a portion of their 
tyrosinase into in vitro culture medium. Although the secreted tyrosinase is enzymatically 
active, it cannot contribute to melanogenesis, which occurs inside the cells' melanosomes. 
As described above, the level of melanogenesis within melanogenic cells is proportional to the 
35 fraction of tyrosinase that is localized to melanosomes. Compounds that decrease the 
amount of tyrosinase localized to melanosomes serve to inhibit melanogenesis. Conversely, 
compounds that reduce the amount of tyrosinase that is secreted, and thereby increase the 
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amount of tyrosinase localized to melanosomes, are expected to increase melanogenesis. As 
explained above, P protein activity is required for the localization of tyrosinase to 
melanosomes. Thus, compounds that increase the activity of P protein in melanogenic cells, 
as well as compounds that mimic the activity of P protein, will increase melanogenesis by 
5 reducing the amount of tyrosinase that is secreted. 

A number of screens based, in part, on these observations and predictions can be 
used to identify compounds that increase melanogenesis, increase the function of P protein, 
and/or mimic the function of P protein. For example, variations of the assays described above 
using melanogenic cells to identify inhibitors of melanogenesis and P protein function can be 

10 used. Melanogenic cells are grown or incubated in vitro in medium containing a compound to 
be tested for its ability to increase melanogenesis, increase P protein function or mimic P 
protein function. The effect, if any. of the compound can be determined using, for example, 
any one of the assays described above. For example, the activity of tyrosinase in the growth 
or incubation medium of the cells can be measured. A decrease in the activity of tyrosinase in 

1 5 the medium may indicate that less tyrosinase is being secreted, and that the compound might 
therefore increase melanogenesis or P protein function. 

Alternatively, or in addition, melanogenic cells that do not contain P protein (e.g., 
meian-p cells) can be used to screen for compounds that mimic P protein function. In one 
type of assay that can be used in the invention, melanogenic cells that do not contain P 

20 protein are incubated in medium containing a compound to be tested for its ability to mimic P 
protein function and increase melanogenesis. In contrast to normal melanogenic cells, such 
melanogenic cells that do not contain P protein are light colored in culture (as well as in the 
animal). If the melanogenic cells that do not contain P protein turn darker in the presence of 
the compound than in the absence of the compound, then the compound mimics P protein 

25 function in whole or in part. The color of the cells can be measured qualitatively such as, for 
example, by visual inspection, or quantitatively, such as, for example, by reflectance. 
Alternatively, melanogenic cells that do not contain P protein are treated with the compound 
to be tested, and the amount of tyrosinase secreted into the medium is assayed. If the 
amount of tyrosinase in the medium from melanogenic cells that do not contain P protein 

30 (e.g., melan-p cells) decreases when the cells are treated with the test compound, then the 
test compound is a candidate for a compound that mimics P protein function. Tyrosinase 
activity in the medium can be measured, for example, by using any of the techniques 
described above. For example, tyrosine can be added to the medium, and its conversion to 
melanin monitored. 

35 Alternatively, assays of tyrosinase protein may be used. These assays can measure, 

for example, the amount of tyrosinase in the growth or incubation medium of the cells treated 
with the compound to be tested, the cellular localization of tyrosinase (e.g., by subcellular 
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fractionation of the cells, or by staining and microscopic examination of the ceils), or the 
length or mass of the tyrosinase molecules present within the cells. A decrease in the amount 
of tyrosinase protein secreted into the medium, or an increase of tyrosinase protein in 
melanosomes, indicates that the test compound is a candidate for a compound that increases 
5 melanogenesis or mimics or enhances P protein function. If the test compound causes 
similar effects in melanogenic cells that do not contain P protein (e.g., melan-p cells), such a 
result would indicate that the compound mimics P protein function. These assays are 
described in detail in Section 5.1.1.2, above. 

Other assays that can be used include those that measure other effects of an 
10 increase in P protein function, mimic of P protein function, and/or an increase in 
melanogenesis. For example, these assays can measure the amount of TRP-1 and/or TRP-2 
protein or activity in cells treated with the compound to be tested, the abundance or 
composition of the high molecular weight melanogenic complex, or the presence or absence 
of aberrant melanosomes as described above. An increase in the amount of TRP-1 and/or 
1 5 TRP-2 protein or activity, an increase in the amount of these proteins found in high molecular 
weight melanogenic complexes, or an increase in the number of high molecular weight 
complexes, indicates that the test compound is a candidate for a compound that increases 
melanogenesis or P protein function, if the test compound causes similar effects in 
melanogenic cells that do not contain P protein (e.g., melan-p cells), such a result would 
20 indicate that the compound mimics P protein function. These assays are described in detail in 
Section 5.1.1.3, above. 

In a variation of these screens, the amount of secreted tyrosinase is compared to the 
amount of intracellular tyrosinase. Melanogenic cells are grown or incubated in medium 
containing a compound to be tested. Using, for example, any of the assays described above, 
25 the amount of tyrosinase in the growth or incubation medium is determined and the amount of 
tyrosinase within these cells is also determined. The ratio of intracellular tyrosinase to 
secreted tyrosinase is then calculated. If this ratio is higher for cells treated with the 
compound to be tested than for similar ceils grown under similar conditions but without the 
compound, then the compound increases melanogenesis. In a non-limiting preferred 
30 embodiment, such a change in the ratio of intracellular tyrosinase to secreted tyrosinase is 
observed without a change (e.g., reduction) in the total amount of tyrosinase produced by the 
cell. Similarly, if melanogenic cells that do not contain P protein (e.g., melan-p cells) are 
grown or incubated in medium containing the compound to be tested, and the ratio of 
intracellular tyrosinase to secreted tyrosinase is higher for cells treated with the compound 
35 than for untreated cells, then the compound can mimic P protein function, and thereby 
increase melanogenesis. 



WO 01/01 131 



PCT/IBOO/00861 



-23- 

5.1.3 Methods of Screening for Compounds That Affect P Protein Function 
Using Non-Melanogenic Cells 
Most non-melanogenic cells do not express P protein or tyrosinase. For purposes of 
the present invention, the term "non-melanogenic cells" is defined as cells that do not contain 
5 melanosomes. However, non-melanogenic cells can be made to express both P protein and 
tyrosinase, and to synthesize melanin. For purposes of the present invention, the term "cells 
made to express both P protein and tyrosinase" is defined as cells that do not ordinarily 
express P protein and/or tyrosinase, but are caused to express both P protein and tyrosinase 
using any technique known in the art such as, e.g., molecular genetic techniques. For 

10 example, heterologous tyrosinase and/or P protein genes can be introduced into the cells by, 
e.g., transfection, transformation, or transduction. For purposes of the present invention, the 
term "heterologous" is defined as describing a gene or gene product that does not naturally 
exist in that organism, or a gene or gene product that is not normally expressed in that cell 
type. Alternatively, endogenous, but normally quiescent, tyrosinase and/or P protein- 

15 encoding genes can be activated to express tyrosinase and/or P protein (e.g. through 
targeted homologous recombination of transcriptional control sequences, or any other 
activation method). Several methods of the present invention are based, in part, on the 
discovery that non-melanogenic cells expressing P protein and tyrosinase together have 
almost four times as much tyrosinase activity as cells expressing tyrosinase alone. Cells 

20 expressing P protein, but not tyrosinase, do not have detectable tyrosinase activity, showing 
that P protein's effect on tyrosinase activity in these cells is completely dependent on the 
expression of tyrosinase. 

The tyrosinase activity of cells made to express both tyrosinase and P protein is 
sensitive to the action of compounds that inhibit P protein function. Whert these cells are 

25 treated with, for example, imipramine, the tyrosinase activity of these cells is markedly 
reduced. The effect of these compounds on tyrosinase activity is totally dependent on the 
presence of active P protein. Cells expressing tyrosinase but not P protein have tyrosinase 
activities that are unaffected by the presence of the compound at the concentrations tested. 

These observations are exploited in a number of methods of screening for 

30 compounds that affect (e.g., decrease or increase) P protein function. Cells that do not 
otherwise have detectable tyrosinase and/or P protein are made to express both of these 
proteins. The cells are grown or incubated in medium that contains a compound to be tested. 
The tyrosinase activity of extracts of these cells is measured. Tyrosinase activity can be 
measured using any of the assays discussed above, including the radiometric tyrosine 

35 hydroxylase assay, colorimetric DOPA oxidase assay, the DHICA converting assay, an assay 
for the ability to convert [ 14 C]DOPA into TCA precipitable material, or by any other method 
known in the art. If the tyrosinase activity of the extracts of cells treated with the test 
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compound is lower than the tyrosinase activity of the extracts of similar cells grown under 
similar conditions but without the test compound, and if the compound does not otherwise 
decrease tyrosinase activity in the extracts of cells expressing tyrosinase but not P protein, 
then the compound decreases P protein function. Conversely, if the tyrosinase activity of the 

5 extracts of cells treated with the test compound is higher than the tyrosinase activity of the 
extracts of similar cells grown under similar conditions but without the test compound, and if 
the compound does not otherwise increase tyrosinase activity in the extracts of cells 
expressing tyrosinase but not P protein, then the compound increases P protein function. 

Another method of screening using non-melanogenic cells made to express 

10 tyrosinase and P protein exploits, in part, the discovery that these cells, if incubated long 
enough, turn black with melanin deposition. Cells expressing tyrosinase and P protein, or 
tyrosinase but not P protein, are treated with a compound to be tested. The cells are 
incubated for a period of time sufficient to allow cells expressing both tyrosinase and P 
protein, but which are not treated with the test compound, to accumulate melanin. The 

15 melanin content of treated and untreated cells can be assayed by visual inspection or 
spectrophotometric analysis of the cells, or by using other techniques well known in the art. If 
the melanin content of the cells expressing both tyrosinase and P protein and treated with the 
test compound is lower than the melanin content of similar cells not treated with the 
compound, then the compound can decrease melanogenesis. If the melanin content of cells 

20 expressing tyrosinase but not P protein is not substantially altered by the presence or 
absence of the compound, then the compound inhibits P protein function. Conversely, 
compounds that cause an increase in melanin formation in these cells, relative to similar cells 
grown under similar conditions but without the compound, increase melanogenesis. If the 
compound also fails to increase melanin formation in non-melanogenic cells expressing a 

25 tyrosinase-encoding gene but not a P protein-encoding gene, then the compound increases P 
protein function. 

Alternatively, broken cell extract systems can be devised to study intracellular 
trafficking of tyrosinase. In a non-limiting example, donor Golgi membranes and cytosol from 
wild-type melanocytes can be combined with melanosomes prepared from cells of a mouse 
30 with a mutation in the tyrosinase gene that inactivates the enzyme. One could then observe 
the transfer of tyrosinase from the wild-type donor Golgi membranes to the tyrosinase- 
deftcient melanpsomes. Addition of a compound that inhibits P protein function would inhibit 
such transfer. 

For those methods using heterologous genes, the heterologous tyrosinase and P 
35 protein-encoding genes can be derived from any suitable source. Preferably, they are derived 
from an animal source. More preferably, they are derived from a mammalian source such as 
the mouse cells used below in illustrating embodiments. Even more preferably, they are 
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derived from a primate source such as humans. Tyrosinase-encoding genes are well known 
in the art {see. for example, expression of the human gene cDNA in Bouchard et a/. t 1989, J. 
Exp. Med. 169 (6), 2029-2042, and the MEDLINE database at accession nos., for example, 
NM_000372, M27160, and U01873). as are P protein-encoding genes {see for example, 
5 Rinchik et a/., 1993, Nature 361 (6407), 72-76, and the MEDLINE database at accession nos.. 
for example, NM_000275 and U 191 52 for the human gene). 

Expression cassettes are typically used to express heterologous genes in the chosen 
cell. Each expression cassette contains regulatory sequences designed to express, for 
example, the tyrosinase-encoding gene and/or the P protein-encoding gene. For expression 

10 in prokaryotic cells, preferably each coding sequence found in the expression cassette is 
operatively linked to at least one regulatory sequence, i.e., a promoter sequence. By 
"operatively linked" is meant that the regulatory sequence functions to regulate the coding 
sequence (e.g., controls the timing or amount of expression of the coding sequence, 
determines initiation or termination of transcription or translation, or affects message stability). 

15 For expression in eukaryotic cells, preferably each coding sequence found in the expression 
cassette is "operatively linked" to at least two regulatory sequences, i.e., a promoter and a 
polyA sequence. Each expression cassette is operatively linked to the polynucleotide 
sequence of a vector. Each vector preferably contains polynucleotide sequences that allow 
for its selection, replication, and maintenance in transfected cells, either as an autonomous 

20 extrachromosomal element, or as an integrated component of one or more chromosomes in 
the transfected cells. Vectors containing expression cassettes that can be adapted to express 
almost any coding sequence are well known in the art and commercially available. Non- 
limiting examples of such vectors are illustrated below using the pcDNA vectors available 
from Invitrogen (San Diego, CA). 

25 Any promoter that facilitates a sufficiently high rate of expression can be used in the 

expression cassette. The promoter can be constitutive or inducible. See, e.g., Resendez et 
a!., 1988, Mol. Cell Biol. 8:4579-4584; and Chang et al., 1987, Proc. Natl. Acad. ScL USA 
84:680-684, which describe inducible promoters. The choice of the promoter depends on 
what cell type is used in the screen and the desired level of expression of the heterologous 

30 genes encoding tyrosinase and/or P protein. See, e.g., Gossen et a/., 1995, Science 
268:1766-1769; Gossen and Bujard, 1992, Proc. Natl. Acad. Sci. USA 89:5547-5551 and U.S. 
Patent Nos. 5,851,984; 5,849,997; 5,827,687; 5,811,260; 5,789,215; 5,665,578; 5,512,483; 
5,302,517; 4,959,313; and 4,935.352, which describe useful promoter sequences. 

Further non-limiting examples of promoter sequences and elements include the SV40 

35 early promoter region (Bernoist and Chambon, 1981, Nature 290:304-310), the promoter 
contained in the 3' long terminal repeat of Rous sarcoma virus (Yamamoto, et a/., 1980, Cell 
22:787-797), the herpes thymidine kinase promoter (Wagner et a!. t 1981, Proc. Natl. Acad. 
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Sci. U.S.A. 78:1441-1445), the regulatory sequences of the metallothionein gene (Brinster ef 
a/., 1982, Nature 296:39-42); prokaryotic expression vectors such as the p-lactamase 
promoter (Vilta-Kamaroff, et a/., 1978, Proc. Natl. Acad. Sci. U.S.A. 75:3727-3731), and the 
tac promoter (DeBoer. ef a/., 1983. Proc. Natl. Acad. Sci. U.S.A. 80:21-25); see also w Useful 
5 proteins from recombinant bacteria" in Scientific American, 1980, 242:74-94; plant expression 
vectors comprising the nopaline synthetase promoter region (Herrera-Estrella et a/., Nature 
303:209-213) or the cauliflower mosaic virus 35S RNA promoter (Gardner, et a/., 1981, Nucl. 
Acids Res. 9:2871), and the promoter of the photosynthetic enzyme ribulose biphosphate 
carboxylase (Herrera-Estrella et a/., 1984, Nature 310:115-120); promoter elements from 

10 yeast or other fungi such as the Gal 4 promoter, the ADC (alcohol dehydrogenase) promoter, 
PGK (phosphoglycerol kinase) promoter, alkaline phosphatase promoter, and the following 
animal transcriptional control regions, which exhibit tissue specificity and have been utilized in 
transgenic animals: the elastase I gene control region, which is active in pancreatic acinar 
cells (Swift et a/. t 1984, Cell 38:639-646; Ornitz era/., 1986, Cold Spring Harbor Symp. Quant. 

15 Biol. 50:399-409; MacDonald, 1987, Hepatology 7:425-515); the insulin gene control region, 
which is active in pancreatic beta cells (Hanahan, 1985, Nature 315:115-122); the 
immunoglobulin gene control region, which is active in lymphoid cells (Grosschedl ef a/., 

1984, Cell 38:647-658; Adames et a/., 1985, Nature 318:533-538; Alexander ef a/., 1987, Mol. 
Cell. Biol. 7:1436-1444); the mouse mammary tumor virus control region, which is active in 

20 testicular, breast, lymphoid and mast cells (Leder ef a/., 1986, Cell 45:485-495); the albumin 
gene control region, which is active in liver (Pinkert ef al., 1987, Genes and Devel. 
1:268-276); the alpha-fetoprotein gene control region, which is active in liver (Krumlauf ef a/., 

1985, Mol. Cell. Biol. 5:1639-1648; Hammer ef a/., 1987, Science 235:53-58); the alpha 
1 -antitrypsin gene control region, which is active in the liver (Kelsey ef a/., 1987, Genes and 

25 Devel. 1:161-171); the beta-globin gene control region, which is active in myeloid cells 
(Mogram ef a/., 1985, Nature 315:338-340; Kollias ef a/., 1986, Cell 46:89-94); the myelin 
basic protein gene control region, which is active in oligodendrocyte cells in the brain 
(Readhead ef a/., 1987, Cell 48:703-712); the myosin light chain-2 gene control region, which 
is active in skeletal muscle (Sani, 1985, Nature 314:283-286); and the gonadotropic releasing 

30 hormone gene control region, which is active in the hypothalamus (Mason ef a/., 1986, 
Science 234:1372-1378). 

Another regulatory element that can be used in the expression cassette for eukaryotic 
cell expression is a polyA sequence (or polyA signal), which should be capable of efficiently 
inducing polyadenylation of a transcript specific for the coding sequence to which the polyA 

35 sequence is operatively linked. See, e.g., U.S. Patent Nos. 5,861.290; 5,851,984; 5,840,525 
and 5,627,033, which discuss polyA sequences. 



WO 01/01131 



PCT/1BOO/00861 



-27- 

In another non-limiting embodiment, the expression cassette used according to the 
present invention may further comprise an enhancer element, a 5' or 3* untranslated 
sequence (or region), one or more introns, a sequence that regulates RNA stability, or a 
combination of more than one of these elements. Any sequence that falls into any of these 

5 categories can be used in the vector of the present invention. See U.S. Patent Nos. 
5,861,290; 5,851,984; 5,840,525; 5,681,744 and 5,627,033, which discuss these regulatory 
elements. The term "5* untranslated sequence" refers to the sequence of an rnRNA 
molecule between the transcription initiation site and the translation initiation site. The term 
"3' untranslated sequence" refers to the sequence of an mRNA molecule between the 

10 translation termination site and the polyA tail. 

The heterologous genes used in these assays are typically Introduced into the chosen 
cells by transfection, transduction, transformation, or any other suitable technique known in 
the art. For example, electroporation, calcium phosphate coprecipitation, microinjection, 
lipofection, etc., can be used. See, e.g., U.S. Patent No. 5,814,618 and 5,789,215, which 

15 describe transfection methods. The cells that take up the heterologous gene or genes, either 
through integration into their genome or by maintenance as part of an extrachromosomal 
element, are then preferably selected by standard techniques. Thus, a selectable marker can 
be included in the vector which allows a cell that has the marker, and thus cells that contain 
the vector and the heterologous gene or genes, to be isolated from cells that do not have the 

20 marker. Whether a selectable marker is necessary to prepare the cells used in these assays 
depends on the particular method by which the vector is introduced into the cells. For 
example, if the vector is introduced into the ceils via microinjection, a selectable marker may 
be less useful than if electroporation is used because the transformation frequency tends to 
be higher for microinjection. For example, the marker can enable a cell to grow under 

25 selective conditions, /.e. conditions under which the cell could not grow if it did not have the 
marker (e.g., the neomycin resistance gene and the hypoxanthine phosphoribosyltransferase 
gene). A marker can also provide another means by which to identify the cell which took up 
the heterologous polynucleotide molecule or vector (e.g., by preferential staining). See, e.g., 
U.S. Patent Nos. 5,851,984 and 5.789,215, which describe selectable markers. 

30 The cells used in these assays can typically be derived from any source. The cells 

used in these assays can be cells derived from a mammalian animal, for example: a sheep, 
cow, pig, or other farm animal; a cat, dog, or other domesticated animal; a mouse, rat, or 
other rodent; a monkey, ape, or other primate; and most preferably a human. Alternatively, 
the cells used in these assays can be derived from non-mammalian animals such as, for 

35 example, a bird, fish, reptile, amphibian, or insect. Cells derived from animals for use in these 
assays can be of any type such as, for example, fibroblasts, glial cells, keratinocytes, 
hepatocytes, ependymal cells, bone marrow cells, hippocampal cells, stem cells, embryonic 
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stem cells, hematopoietic stem cells, olfactory mucosa cells, adrenal cells, leukocytes, 
lymphocytes, chromaffin cells, neurons, cells of the immune system, macrophages, Schwann 
cells, oligodendrocytes, astrocytes, germline cells, somatic cells, epithelial cells, endothelial 
cells, adrenal medulla cells, osteoblasts, osteoclasts, myoblasts, pancreatic celts (e.g.. of the 
5 islets of Langerhans), or a mixture of more than one of the above cell types, etc. 
Alternatively, the cells used in these assays can be derived from a plant source such as, for 
example, a dicotyledon such as, e.g., tobacco, or a monocotyledon, such as, e.g., corn. 
Alternatively, the cells used in these assays can be derived from a unicellular eukaryotic 
organism such as, for example, a protozoan or a yeast or other unicellular fungus. Methods 
10 of growing these cells are specific to each cell type and within the skill of the art. 

In a preferred embodiment, established cell lines from any of these sources can be 
used for these assays. Examples of suitable cell lines include, but are not limited to f Chinese 
Hamster Ovary (CHO) cells. HeLa cells, NRK cells. A293 cells, and COS cells. The cells 
should have the ability to proliferate when grown in in vitro culture. Following introduction of 
15 the heterologous gene or genes into the cells, and selection for cells that have taken up the 
heterologous gene or genes, such cells, in a preferred embodiment, should be useful to 
establish a cell line that can be grown, stored, re-grown, etc., for extended periods of time in 
in vitro culture. See, e.g., U.S. Patent No. 5,814,618, which describes cells useful for the 
assays of the present invention. 
20 5.1.4 High-Throughput Methods of Screening for Compou nds that Affect or 

Mimic P Protein Function 
The methods of screening for compounds that affect or mimic P protein function 
described above can be used to test individual compounds or small numbers or large 
numbers of compounds contemporaneously. High-throughput methods of screening, as 
25 known in the art, are preferable. 

For purposes of the present invention, the term "high-throughput method of 
screening" is defined as a method of screening that allows for large numbers of compounds 
to be tested concurrently. Each or all of the steps in screening compounds that affect or 
mimic P protein function are amenable to high throughput methods of screening for candidate 
30 compounds. Preferably, the high-throughput methods of screening are partially or fully 
automated, reducing the amount of attention required to test each compound. For example, 
an increase in the amount of tyrosinase secreted into the medium, or total levels of tyrosinase 
activity, can be detected easily in the formats (such as. e.g.. 96 well plates) typically used in 
high-throughput methods of screening. High-throughput methods of screening are well known 
35 in the art and can be performed in any of a number of formats. Laboratory automation, 
including robotics technology, can significantly decrease the time necessary to screen large 
numbers of compounds, and is commercially available from, for example. Tecan (Research 
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Triangle Park, NC). Scitec Laboratory Automation SA (Lausanne, Switzerland). Rosys (New 
Castle, DE). Rixan Associates Inc. (Dayton. OH). CRS Robotics (Burlington, Ontario Canada), 
Fanuk Robotics, and Beckman-Coulter Sagian (Indianapolis, IN), to name just a few 
companies. Upon identifying candidate compounds, secondary methods of screening can be 
5 performed to determine the cellular and/or in vivo effects of the candidate compounds on P 
protein function. 

5.1.5 Secondary Methods of Screening and Additional Methods of 
Screening for Compounds That Affect or Mimic P Protein Function 
Each of the above methods of screening can be used by itself to identify compounds 

10 that are likely to affect or mimic P protein function. Alternatively, a plurality of methods of 
screening can be used serially to confirm, or to determine more accurately, the P protein 
affecting properties of one or more compounds. For example, any of the above methods of 
screening can be used as a primary method of screening, followed by a secondary method of 
screening. For purposes of the present invention, the term "primary method of screening" is 

15 defined as the first method of screening used to test the ability of a compound to affect or 
mimic P protein function. For purposes of the present invention, the term " secondary method 
of screening" is defined as any method of screening that is not the primary method of 
screening. The use of secondary methods of screening is particularly important when the 
primary method of screening is based on the identification of compounds that lower the 

20 activity of tyrosinase or the amount of melanin produced, or that lower the amount of 
tyrosinase secreted. Direct inhibitors of tyrosinase will also cause a reduction in the activity of 
tyrosinase and the amount of melanin produced, or can cause a reduction in tyrosinase 
activity, but would not necessarily affect P protein function. 

Any of the methods of screening described above can also be used as a secondary 

25 method of screening. For example, one can identify candidate compounds using as a primary 
screen the assay for an effect on tyrosinase activity in cells made to express tyrosinase and P 
protein, yet which don't affect tyrosinase activity in cells made to express tyrosinase alone. 
Promising compounds from this primary screen can then be tested in a secondary screen in 
an assay for their effect on cellular localization of tyrosinase and/or lysosomal enzymes in 

30 melanogenic ceils. Of the methods of screening described above, the ones which rely upon 
identification of the mislocalization of tyrosinase protein or activity or size are preferred as 
secondary methods of screening. 

In one embodiment, a secondary screen is employed to distinguish the effects of test 
molecules that effect the melanogenic pathway in general and P-protein in particular, and 

35 those that inhibit protein synthesis, trafficking and proteolysis. For example, in an assay for 
activators of P-protein function, a secondary screen can simply entail visually examining the 
test melanocytes to ensure a darker color and therefore an increase in P-protein activity, 
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rather than a general inhibition of protein synthesis, trafficking or proteolysis by the test 
molecule and resulting decrease in tyrosinase secretion. Alternatively, the cells can be 
histologically examined, preferably by electron microscopy, optionally together with DOPA 
staining (as described in Section 9, infra), to determine their melanosome content. A true 
5 activator of P-protein activity will promote the maturation of melanosomes from stages l-lll to 
stages lll-IV, whereas an inhibitor of protein synthesis, trafficking and proteolysis is unlikely to 
promote melanosome maturation. 

Other methods of screening can be used. For example, compounds can first be 
screened for binding affinity to purified P protein. Alternatively, a compound identified by a 
10 primary method of screening as affecting P protein function can be tested for direct binding to 
purified P protein in vitro, or by copurification with P protein from P protein-expressing cells 
treated with the compound. Each of these methods of screening can determine whether the 
compound binds directly to P protein. A compound that can bind directly to P protein and 
which also affects tyrosinase activity or localization or some other aspect of melanogenesis is 
15 likely to directly affect P protein function. Alternatively, a compound identified by a primary 
method of screening as affecting P protein function can be tested for the ability to affect 
tyrosinase directly. For example, the test compound can be added to a system that contains 
tyrosinase but not P protein. Such a system can be, for example, an in vitro system 
containing purified or partially purified tyrosinase protein free or essentially free of P protein. 
20 Alternatively, it can be a cell that expresses tyrosinase but not P protein. If the effect of the 
test compound on tyrosinase is P protein independent, then the test compound does not 
affect P protein function. If the effect of the test compound on tyrosinase is also observed in 
the absence of cellular trafficking (e.g.. on purified tyrosinase protein, and not in celts), then 
the test compound does not mimic P protein function. 
25 While preferred primary methods of screening, especially those that are 

high-throughput methods of screening, are those with the lowest costs (that is, can be 
performed as quickly, with as little human supervision, and using as few materials as 
possible), secondary methods of screening can be more time, labor, and material-intensive. 
This is because the secondary methods of screening are performed only on test compounds 
30 that are identified by the primary method of screening as affecting or mimicking P protein 
function. These compounds are expected to be a small fraction of the total number of 
compounds tested in any large scale, high-throughput screening effort. Examples of methods 
of screening that are better suited for secondary screens than for primary screens include 
administration of a test compound to an animal (e.g., topically, subcutaneously. or orally) or to 
35 animal skin equivalents grown in culture, where lightening of the skin or skin equivalent 
indicates that the compound inhibits P protein function. Or, for compounds that mimic P 
protein function, the secondary screen can include administration of the test compound to a 



WO 01/01131 



PCT/1BOO/00861 



-31- 



melan-p animal or animal skin equivalent, where darkening of the skin or skin equivalent 
indicates that the compound mimics P protein function. 

Primary and secondary methods of screening can be used in another way to identify 
compounds that affect or mimic P protein function. Once a compound that affects or mimics 
5 P protein function is identified by using, for example, a primary method of screening, chemical 
analogs of the compound can be selected or created. For purposes of the present invention, 
the term "chemical analog" is defined as a compound that is chemically related to another 
chemical compound. The relationship is preferably structural as known in the art such as 
where, for example, the two compounds differ only in the location of a substituent, such as, 

10 e.g., a hydroxyl or alkyl group, or are chemical homologs of each other. Alternatively, the 
relationship might be functional such as where, for example, both compounds affect the same 
mechanism, such as, e.g., where both compounds are kinase inhibitors. Methods for 
designing or selecting chemical analogs are described below in Section 5.2. These chemical 
analogs can then be tested for the ability to affect or mimic P protein function using, for 

15 example, any method described above. The secondary method of screening can be the 
same as the primary method of screening, or it can be a different method of screening. 
Chemical analogs are sought which have a stronger effect on P protein function than the 
original test compound. This procedure can be repeated serially to identify or create 
compounds of increasing efficacy. 

20 5.2 Compounds for Inhibiting, Increasing or Mimicking P Protein Function 

Compounds that can be screened in accordance with the present invention include 
but are not limited to small organic molecules that are able to gain entry into a cell and affect 
P protein activity. A number of compound libraries are commercially available from 
companies such as Pharmacopeia (Princeton, NJ), Arqule (Medford, MA), Enzymed (Iowa 

25 City, IA), Sigma-Aldrich (St. Louis, MO), Maybridge (Trevillett, United Kingdom), Trega (San 
Diego, CA) and PanLabs (Bothell, WA), to name just a few sources. One also can screen 
libraries of known compounds, including natural products or synthetic chemicals, and 
biologically active materials, including proteins, for compounds that affect or mimic P protein 
function. 

30 One class of preferred compounds for use in the methods of the present invention 

comprises chemical analogs of imipramine. As described above, imipramine inhibits P protein 
function. Imipramine is a tricyclic tertiary amine used in the treatment of depression. See 
Giiman, A.G. et a/., eds, 1990, Goodman and Oilman's The Pharmacological Basis of 
Therapeutics, Eighth Edition, 405-14, Pergamon Press, New York. Other tricyclic tertiary 

35 amines used in the treatment of depression such as, for example, amitriptyline, trimipramine. 
or doxepin (see id.) can be test compounds in screens for compounds that affect P protein 
function. Secondary amines used in the treatment of depression such as, for example, 
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desipramine, nortriptyline, protriptlyine, amoxapine, or maprotiline (see id.) also are preferred 
compounds for the screens of the present invention. These chemical analogs of imipramine 
all share structural and functional characteristics with imipramine. Other chemical analogs of 
imipramine that are preferred compounds for use in the methods of the present invention 
5 include chemicals with functional and/or structural similarities to imipramine. For example, the 
atypical antidepressants such as, for example, trazodone and fluoxetine, lack structural 
similarity with imipramine (see id.), but share the functional property with imipramine of being 
useful antidepressants, and so are preferred compounds for the screens of the present 
invention. Tricyclic compounds, tertiary amines, and secondary amines without 

10 antidepressant effects also are preferred compounds of the present invention. 

Once a compound that affects or mimics P protein function is identified, molecular 
modeling techniques can be used to design chemical analogs of the compound that are more 
effective. For example, chemical analogs of imipramine, or any of the other preferred 
compounds listed above, can be created using these or other modeling techniques. 

15 Examples of molecular modeling systems are the CHARM (Polygen Corporation, Waltham, 
MA) and QUANTA (Molecular Simulations Inc., San Diego, CA) programs. CHARM performs 
the energy minimization and molecular dynamics functions. QUANTA performs the 
construction, graphic modeling and analysis of molecular structure. QUANTA allows 
interactive construction, modification, visualization, and analysis of the behavior of molecules 

20 with each other. 

For example, once a compound that affects or mimics P protein function is identified, 
the compound can be used to generate a hypothesis. Such a hypothesis can be generated 
from any one of the preferred compounds of the present invention using, e.g., the program 
Catalyst (Molecular Simulations Inc. San Diego, CA). Furthermore. Catalyst can use the 

25 hypothesis to search proprietary databases such as, for example, the Cambridge small 
molecule database (Cambridge, England), as well as other databases or compound libraries, 
e.g., those cited above, to identify additional examples of the compounds of the present 
invention. 

Compounds of the present invention can further be used to design more effective 
30 analogs using modeling packages such as Ludi, Insight II, C 2 -Minimizer and Affinity 
(Molecular Simulations Inc., San Diego, CA). A particularly preferred modeling package is 
MacroModel (Columbia University, NY,NY). 

The compounds of the present invention can further be used as the basis for 
developing a rational combinatorial library. Such a library can also be screened to identify 
35 more effective compounds. While the nature of the combinatorial library is dependent on 
various factors such as the particular compound chosen from the preferred compounds of the 
present invention to form the basis of the library, as well as the desire to synthesize the library 
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using a resin, it will be recognized that the compounds of the present invention provide 
requisite data suitable for combinatorial design programs such as C 2 -QSAR {Molecular 
Simulations Inc., San Diego, CA). 

Another class of compounds that can be used to inhibit the function of P protein are P 
5 protein-encoding gene antisense nucleic acids. A P protein-encoding gene antisense nucleic 
acid as used herein refers to an oligonucleotide or polynucleotide molecule having a nucleic 
acid sequence capable of hybridizing to a portion of a P protein-encoding RNA (preferably 
mRNA) by virtue of some degree of sequence complementarity. The antisense nucleic acid 
should be complementary to either a coding and/or noncoding region of a P protein mRNA 

10 such that it inhibits P protein function by reducing the amount of P protein synthesized. 

The antisense nucleic acids of the present invention can be oligonucleotides that are 
double-stranded or single-stranded, RNA or DNA, or a modification or analog thereof, which 
can be directly administered to a cell, or to the skin of an animal, or which can be produced 
intracellular^ by transcription of heterologous, introduced sequences. 

15 In one embodiment, the present invention is directed to methods for inhibiting the 

expression of a P protein-encoding nucleic acid sequence in a prokaryotic or eukaryotic cell 
comprising providing the cell with an effective amount of a composition comprising a P 
protein-encoding gene antisense nucleic acid of the present invention. 

The P protein-encoding gene antisense nucleic acids of the present invention are at 

20 least about six nucleotides in length and are more preferably oligonucleotides ranging from 
about 6 to about 50 oligonucleotides. In specific aspects, the oligonucleotide is at least about 
10 nucleotides, at least about 1.5 nucleotides, at least about 100 nucleotides, or at least about 
200 nucleotides in length. The oligonucleotides can be DNA or RNA, or chimeric mixtures or 
derivatives, and modified versions thereof, which can either be single-stranded or 

25 double-stranded. The oligonucleotide can be modified at the base moiety, sugar moiety, or 
phosphate backbone level. The oligonucleotide may include other appending groups such as 
peptides, or agents facilitating transport across the cell membrane (see, e.g., Letsinger et al., 
1989, Proc. Natl. Acad. Sci. U.S.A. 86:6553-6556; Lemaitre et al., 1987, Proc. Natl. Acad. Sci. 
84:648-652; PCT Publication No. WO 88/0981 0, published December 15, 1988), 

30 hybridization-triggered cleavage agents (see, e.g., Krol et al., 1988, BioTechniques 
6:958-976), or intercalating agents (see, e.g.. Zon, 1988, Pharm. Res. 5:539-549). 

In a preferred aspect of the present invention, a P protein-encoding gene antisense 
oligonucleotide is a single-stranded DNA molecule. The oligonucleotide may be modified at 
any position on its structure with substituents generally known in the art. 

35 The P protein-encoding gene antisense oligonucleotide may comprise at least one 

modified base moiety which is selected from a group including but not limited to 5-fluorouracil, 
5-bromouracil, 5-chlorouracil, 5-iodouracil, hypoxanthine, xantine, 4-acetylcytosine, 
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5-(carboxyhydroxylmethyl) uracil. 5-carboxymethylaminomethyl-2-thiouridine, 

5-carboxymethylaminomethyluracit, dihydrouracil, beta-D-galactosylqueosine. inosine, 
N6-isopentenyladenine, 1 -methylguanine. 1 -methytinosine, 2,2-dimethylguanine, 
2-methyladenine, 2-methylguanine, 3-methylcytosine, 5-methylcytosine, N6-adenine, 

5 7-methylguanine, 5-methylaminomethyluracil, 5-methoxyaminomethyl-2-thiouracil, 
beta-D-mannosylqueosine, 5N-methoxycarboxymethyluracil, 5-methoxyuracil, 

2-methylthio-N6-isopentenyladenine, uracil-5-oxyacetic acid (v), wybutoxosine. pseudouracil. 
queosine, 2-thiocytosine, 5-methyl-2-thiouracil, 2-thiouracil, 4-thiouracil, 5-methyluracil, 
uracil-5-oxyacetic acid methylester, uracil-5-oxyacetic acid (v), 5-methyl-2-thiouracil, 

1 0 3-(3-amino-3-N-2-carboxypropyl) uracil, (acp3)w t and 2,6-diaminopurine. 

In another embodiment, the oligonucleotide comprises at least one modified sugar 
moiety selected from a group including but not limited to arabinose, 2-fluoroarabinose, 
xylulose, and hexose. 

In yet another embodiment, the oligonucleotide comprises at least one modified 

15 phosphate backbone component selected from the group consisting of a phosphorothioate, a 
phosphorodithioate, a phosphoramidothioate, a phosphoramidate, a phosphordiamidate, a 
methylphosphonate, an alkyl phosphotriester, and a formacetal or analog thereof. 

In yet another embodiment, the oligonucleotide is an alpha-anomeric oligonucleotide. 
An alpha-anomeric oligonucleotide forms specific double-stranded hybrids with 

20 complementary RNA in which, contrary to the usual beta-units, the strands run parallel to 
each other (Gautier et al., 1987, Nucl. Acids Res. 15:6625-6641). 

The oligonucleotide may be conjugated to another molecule such as, e.g., a peptide, 
hybridization triggered cross-linking agent, transport agent, hybridization-triggered cleavage 
agent, etc. 

25 Oligonucleotides of the present invention may be synthesized by standard methods 

known in the art including, e.g. by use of an automated DNA synthesizer (such as are 
commercially available from Biosearch, Applied Biosystems, etc.). As examples, 
phosphorothioate oligonucleotides may be synthesized by the method of Stein et al., 1988, 
Nucl. Acids Res. 16:3209, and methylphosphonate oligonucleotides can be prepared by use 

30 of controlled pore glass polymer supports using the method of Sarin et al., 1988, Proc. Natl. 
Acad. Set. U.SA 85:7448-7451, etc. 

In a specific embodiment, the P protein antisense oligonucleotide comprises catalytic 
RNA, or a ribozyme (see, e.g., PCT International Publication WO 90/11364, published 
October 4, 1990; Sarver et al., 1990, Science 247:1222-1225). In another embodiment, the 

35 oligonucleotide is a 2' -0-methyiribo nucleotide (Inoue et al., 1987, Nucl. Acids Res. 
15:6131-6148), or a chimeric RNA-DNA analogue (Inoue et al., 1987, FEBS Lett. 
215:327-330). 
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In an alternative embodiment, the P protein-encoding gene antisense nucleic acid of 
the invention is produced intracellularly by transcription from an heterologous sequence. For 
example, a vector can be introduced in vivo such that it is taken up by a cell, within which cell 
the vector or a portion thereof is transcribed, producing an antisense nucleic acid (RNA) of the 
5 invention. Such a vector would contain a sequence encoding the P protein-encoding gene 
antisense nucleic acid. Such a vector can remain episomal or become chromosomally 
integrated, as long as it can be transcribed to produce the desired antisense RNA. Such 
vectors can be constructed by standard recombinant DNA technology methods known in the 
art. Vectors can be plasmids. viral vectors, or others known in the art as useful for replication 

10 and expression in mammalian cells. Expression of the sequence encoding the P 
protein-encoding gene antisense RNA can be regulated by any promoter known in the art to 
act in such cells. Such promoters can be inducible or constitutive, and can include but are not 
limited to those listed above. 

The antisense nucleic acids of the invention comprise a sequence complementary to 

15 at least a portion of an RNA transcript of a P protein-encoding gene, preferably a human P 
protein-encoding gene. However, absolute complementarity, although preferred, is not 
required, as long as the antisense nucleic acid has sufficient complementarity to be able to 
hybridize with the RNA, forming a stable duplex. In the case of double-stranded P 
protein-encoding gene antisense nucleic acids, a single strand of the duplex DNA may thus 

20 be tested, or triplex formation may be assayed. The ability to hybridize will depend on both 
the degree of complementarity and the length of the antisense nucleic acid. Generally, the 
longer the hybridizing nucleic acid, the more base mismatches with a P protein-encoding 
gene RNA it may contain and still form a stable duplex (or triplex, as the case may be). One 
skilled in the art can determine the mismatch tolerance by use of standard procedures to, e.g., 

25 determine the melting point of the hybridized complex. 

5.3 Methods of Inhibiting, Increasing or Mimicking P Protein Function 
Compounds that affect or mimic the function of P protein can be used to treat animals 
or, preferably, humans that have diseases, conditions, or disorders caused by the production 
or overproduction of melanin. Such diseases, conditions, or disorders include those that can 

30 be characterized by discolorations of the skin or hair such as, for example, hyperpigmentation 
caused by inflammation or from diseases such as melasma, or brown spots such as "cafe au 
lait" macules. Alternatively, a subject may wish to lighten the color of his or her hair or skin. 
Compounds that increase the function of P protein or that mimic the function of P protein can 
be used to treat animals or, preferably, humans that have diseases, conditions, or disorders 

35 caused by the underproduction of melanin such as, for example, post-inflammatory 
hypopigmentation, pityriasis alba, and certain forms of albinism such as, for example, OCA II 
albinism. Additionally, such compounds can be used to darken the color of one's hair or skin. 
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For the purposes of this application, the terms " treatment", "therapeutic use", and 
" medicinal use" shall refer to any and all uses of the compositions of the invention which 
remedy a disease state or one or more symptoms, or otherwise prevent, hinder, retard, or 
reverse the progression of disease or one or more other undesirable symptoms in any way 
5 whatsoever. 

5.3.1 Pharmaceutical Applications 

For pharmaceutical uses, it is preferred that the compound that affects or mimics P 
protein function is part of a pharmaceutical composition. Pharmaceutical compositions, 
comprising an effective amount of a compound that affects P protein function in a 
10 pharmaceutical^ acceptable carrier, can be administered to a patient, person, or animal 
having a disease, disorder, or condition which is of a type that produces, or overproduces, 
melanin. 

The amount of compound that affects or mimics P protein function which will be 
effective in the treatment of a particular disease, disorder, or condition will depend on the 

15 nature of the disease, disorder, or condition, and can be determined by standard clinical 
techniques. Where possible, it is desirable to determine in vitro the cytotoxicity of the 
compound to the tissue type to be treated, and then in a useful animal model system prior to 
testing and use in humans. 

The compounds that affect or mimic P protein function can be administered for the 

20 reduction or increase of melanin synthesis by any means that results in contact of the active 
agent with its site of action in the body of a mammal. The compounds can be administered by 
any conventional means available for use in conjunction with pharmaceuticals, either as 
individual therapeutic agents or in a combination of therapeutic agents. Each can be 
administered alone, but is preferably administered with a pharmaceutical carrier selected on 

25 the basis of the chosen route of administration and standard pharmaceutical practice. The 
pharmaceutical compositions of the invention can be adapted for oral, parenteral, topical or 
rectal administration, and can be in unit dosage form, in a manner well known to those skilled 
in the pharmaceutical art. Parenteral administration includes but is not limited to, injection 
subcutaneously, intravenously, intraperitoneally or intramuscularly. However, topical 

30 application is preferred. 

5.3.2 Cosmetic Applications 

In addition to pharmaceutical uses, the methods of the current invention are useful for 
cosmetic purposes. Cosmetic applications for methods of the present invention include the 
topical application of compositions containing one or more compounds that affect or mimic P 
35 protein function to enhance or otherwise alter the visual appearance of skin or hair. 
Occurrences in the skin or hair of noticeable but undesired pigmentation as a result of 
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melanin production, overproduction or underproduction can be treated using the methods of 
the present invention. 

5.3.3 Endpoints and Dosages 
An effective dosage and treatment protocol can be determined by conventional 
5 means, starting with a low dose in laboratory animals and then increasing the dosage while 
monitoring the effects, and systematically varying the dosage regimen as well. Animal 
studies, preferably mammalian studies, are commonly used to determine the maximal 
tolerable dose, or MTD, of a bioactive agent per kilogram weight. Those skilled in the art can 
extrapolate doses for efficacy and avoidance of toxicity to other species, including humans. 

10 Before human studies of efficacy are undertaken, Phase I clinical studies in normal 

subjects can help establish safe doses. Numerous factors can be taken into consideration by 
a clinician when determining an optimal dosage for a given subject. Primary among these is 
the toxicity and naif-life of the chosen compound that affects or mimics P protein function. 
Additional factors include the size of the patient, the age of the patient, the general condition 

15 of the patient, the particular disease, condition, or disorder being treated, the severity of the 
disease, condition, or disorder being treated, the presence of other drugs in the patient, the 
effect desired, and the like. The trial dosages would be chosen after consideration of the 
results of animal studies and the clinical literature. 

One of ordinary skill in the art will appreciate that the endpoint chosen in a particular 

20 case will vary according to the disease, condition, or disorder being treated, the outcome 
desired by the patient, subject, or treating physician, and other factors. Where the 
composition is being used to lighten or darken skin color such as, for example, to reverse 
hyperpigmentation caused by, for example, inflammation or diseases such as melasma, or to 
lighten or darken hair color, any one of a number of endpoints can be chosen. For example, 

25 endpoints can be defined subjectively such as, for example, when the subject is simply 
"satisfied" with the results of the treatment. For pharmacological compositions, the endpoint 
can be determined by the patient' s, or the treating physician' s, satisfaction with the results of 
the treatment. Alternatively, endpoints can be defined objectively. For example, the patient' s 
or subject' s skin or hair in the treated area can be compared to a color chart. Treatment is 

30 terminated when the color of the skin or hair in the treated area is similar in appearance to a 
color on the chart. Alternatively, the reflectance of the treated skin or hair can be measured, 
and treatment can be terminated when the treated skin or hair attains a specified reflectance. 
Alternatively, the melanin content of the treated hair or skin can be measured. Treatment can 
be terminated when the melanin content of the treated hair or skin reaches a specified value. 

35 Melanin content can be determined in any way known to the art, including by histological 
methods, with or without enhancement by stains for melanin. 
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5.3.4 Methods of Administration 
The compound that affects or mimics P protein function (i.e., the active ingredient) 
can be administered orally in solid or semi-solid dosage forms, such as hard or soft-gelatin 
capsules, tablets, or powders, or in liquid dosage forms, such as elixirs, syrups, or 
5 suspensions. It can also be administered parenterally, in sterile liquid dosage forms. Since 
topical application is preferred, other dosage forms are potentially possible such as patches, 
ointments, creams, gels, lotions, solutions, suppositories or transdermal administration. 

Because in vivo use is contemplated, the composition is preferably of high purity and 
substantially free of potentially harmful contaminants, e.g., at least National Food (NF) grade, 
10 generally at least analytical grade, and preferably at least pharmaceutical grade. To the 
extent that a given compound must be synthesized prior to use, such synthesis or subsequent 
purification shall preferably result in a product that is substantially free of any potentially 
contaminating toxic agents that may have been used during the synthesis or purification 
procedures. 

15 Gelatin capsules or liquid-filled soft gelatin capsules can contain the active ingredient 

and powdered or liquid carriers, such as lactose, lecithin starch, cellulose derivatives, 
magnesium stearate, stearic acid, and the like. Similar diluents can be used to make 
compressed tablets. Both tablets and capsules can be manufactured as sustained release 
products to provide for continuous release of medication over a period of hours. Compressed 

20 tablets can be sugar-coated or film-coated to mask any unpleasant taste and to protect the 
tablet from the atmosphere, or enteric-coated for selective, targeted disintegration in the 
gastrointestinal tract. Liquid dosage forms for oral administration can contain coloring and/or 
flavoring to increase patient acceptance. 

In general, sterile water, oil, saline, aqueous dextrose (glucose), polysorbate and 

25 related sugar solutions and glycols such as propylene glycol or polyethylene glycols, are 
suitable carriers for parenteral solutions. Solutions or emulsions for parenteral administration 
preferably contain about 5-15% polysorbate 80 or lecithin, suitable stabilizing agents, and if 
necessary, buffer substances. Antioxidizing agents, such as but not limited to sodium 
bisulfite, sodium sulfite, or ascorbic acid, either alone or combined, are suitable stabilizing 

30 agents. Also useful are citric acid and its salts, and sodium EDTA. In addition, parenteral 
solutions can contain preservatives, including but not limited to benzalkonium chloride, 
methyl- or propylparaben, and chlorobutanol. 

Suitable pharmaceutical carriers are further described in Remington's Pharmaceutical 
Sciences, 17th ed.. Mack Publishing Company, Easton. PA (1990) a standard reference text 

35 in this field, which is incorporated herein by reference in its entirety. 

Useful pharmaceutical dosage forms for administration of compounds that affect or 
mimic P protein function are described below. 
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For topical administration, compounds that affect or mimic P protein function can be 
formulated as a solution, gel, lotion, ointment, cream, suspension, paste, liniment, powder, 
tincture, aerosol, transdermal drug delivery system, or the like in a pharmaceutical^ or 
cosmetically acceptable form by methods well known in the art. The composition can be any 
5 of a variety of forms common in the pharmaceutical or cosmetic arts for topical application to 
animals or humans, including solutions, lotions, sprays, creams, ointments, salves, gels, etc. 
Preferred agents are those that are viscous enough to remain on the treated area, those that 
do not readily evaporate, and/or those that are easily removed by rinsing with water, 
optionally with the aid of soaps, cleansers and/or shampoos. Actual methods for preparing 
10 topical formulations are known or apparent to those skilled in the art, and are described in 
detail in Remington's Pharmaceutical Sciences, 1990 (above); and Pharmaceutical Dosage 
Forms and Drug Delivery Systems, 6th ed., Williams & Wilkins (1995). 

In order to enhance the percutaneous absorption of the active ingredients, one or 
more of a number of agents can be added in the topical formulations, including but not limited 
15 to dimethylsulfoxide. dimethylacetamide, dimethylformamide, surfactants, azone, alcohol, 
acetone, propylene glycol and polyethylene glycol. In addition, physical methods can also be 
used to enhance transdermal penetration such as, e.g., by iontophoresis or sonophoresis. 
Alternatively, or in addition, liposomes may be employed. 

The pharmaceutical compositions can be applied directly to the skin. Alternatively, 
20 they can be delivered by various transdermal drug delivery systems, such as transdermal 
patches as known in the art. 

The invention having been described, the following examples are offered by way of 
illustration and not limitation. 

6. Example: Targeting Function Screen 
25 In this example, the effect of P protein on cellular targeting of tyrosinase was 

investigated. This function was then exploited in a screen for compounds that inhibit the 
activity of P protein. 

6.1 Materials and Methods 

Melan-a cells (a/a, P/P), an immortalized melanocyte line derived from C57BLI6J 
30 mice wildtype at the p locus (Bennett el a/., 1987, Int. J. Cancer 39:414-418), were maintained 
in culture in Dulbecco's modification of Eagle's medium (DME). Melan-p1 melanocytes from 
mice lacking all p gene transcripts due to the presence of overlapping deletions (a/a, p^/p 25 ") 
(Sviderskaya et a/., 1997, J. Invest. Dermatol. 108:30-34) were maintained in Ham's F10 
medium. Both media were supplemented with 10% fetal calf serum, 5% sodium pyruvate, 5% 
35 glutamate, 5 units/ml penicillin, 5 pg/ml streptomycin, 1% non-essential amino acids and 200 
nM 12-0-tetradecanoyl phorbol 13-acetate. In addition, 200 pM cholera toxin was added to the 
melan-p1 cells. 
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Cells were maintained in the appropriate media, which was then replaced with 
tyrosine deficient DME medium (DME-D) supplemented with either 0.03 mM tyrosine for low 
tyrosine conditions or 0.3 mM tyrosine for high tyrosine conditions (Bennett, D.C. et a/., 1987, 
Int. J. Cancer 39:414-418), (Sviderskaya et al. f , J. Invest. Dermatol. 108:30-34). Aliquots of 
5 culture medium were withdrawn, dialyzed against 0.1 M sodium phosphate buffer, pH 6.8, and 
analyzed for tyrosinase activity using a radiometric tyrosine hydroxylase assay (Orlow, S J. et 
a/., 1990, J. Invest. Dermatol. 94:461-64). 

For treatment with test compounds, cultured melan-a melanocytes were incubated for 
48 hours in the presence of low tyrosine in the medium as above but in the presence of 
10 benztropine (10 micromolar final concentration), or imipramine (10 micromolar final 
concentration), or nitroquipazine, (30 micromolar final concentration), or left untreated. 
Incubation media were assayed for tyrosinase activity, as above. 

6.2 Results 

Increasing tyrosinase activity in the media removed from melan-p cell cultures grown 

15 in the presence of low tyrosine indicates that these cells secrete relatively large amounts of 
tyrosinase into their incubation media (FIG. 1). By contrast, melan-a cells, which represent 
wiidtype melanocytes, secrete significantly less tyrosinase into the media {FIG. 1). While 
culture in the presence of excess tyrosine had little effect on melan-a cells, the amount of 
enzyme secreted by melan-p1 cells was reduced. As predicted above, tyrosine appears to 

20 partially correct the misrouting of tyrosinase in metan-p1 cells. 

Treatment with benztropine did not alter the levels of tyrosinase activity secreted to 
the incubation medium of melan-a cells (FIG. 2). Treatment with either imipramine or 
nitroquipazine significantly increased the levels of tyrosinase activity found in the cells' 
incubation medium (FIG. 2). 

25 6.3 Discussion 

Melan-a cells are melanocytes derived from wiidtype mice. They have fully functional 
P protein and tyrosinase, and produce melanin. Melan-p cells, however, are derived from 
p-null mice having a deletion of the entire p gene coding sequence. Thus, they produce no P 
protein. Consequently, melan-p cells have tower tyrosinase activity and make less melanin 

30 than melan-a cells. 

This example, which can be performed with any type of melanogenic cell, 
demonstrates that melanocytes lacking P protein function secrete significantly more 
tyrosinase into their growth or incubation medium than do melanocytes with normal P protein 
function. This result is obtained either when the cells are genetically altered to reduce or 

35 eliminate P protein function, as in melan-p cells (FIG. 1), or when the cells are treated with a 
compound that inhibits P protein function, such as imipramine (FIG. 2b). 
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7. Example. Tyrosinase Activity Screen 

In this example, the effect of P protein on the measurable enzymatic activity of 
tyrosinase from cells genetically engineered to express tyrosinase was investigated. Any 
melanogenic cell type that expresses both P protein and tyrosinase, or any cell type made to 
5 express both P protein and tyrosinase, can be substituted. This function was then exploited in 
a screen for compounds that inhibit the function of P protein. 

7.1 Materials and Methods 

Cultured melan-a melanocytes, as described above in Section 6 t were incubated for 
48 hours in the presence of benztropine (10 micromolar final concentration), or imipramine 

10 (10 micromolar final concentration), or nitroquipazine (30 micromolar final concentration), or 
left untreated. Cells were washed and extracted with 50mM Tris-HCI (pH 7.4), 2mM EDTA, 
150 mM NaCI and 1% Triton X-100. Cell extracts were analyzed for tyrosinase activity using 
a radiometric tyrosine hydroxylase assay (Orlow, S.J. et a/., 1990, above). 

Expression vectors were constructed to express P protein and tyrosinase genes in 

15 cultured cells. Specifically, the coding sequence for tyrosinase was removed as a Hindlll- 
EcoRI fragment from clone TYBS (Yokohama et a/., 1990, Nucl. Acids. Res. 18:7293-7298) 
and cloned into the Hindlll/EcoRI sites of pcDNA l/amp (Invitrogen, CA). Coding sequence 
for the P protein was removed as a BamHI-EcoRV fragment from MC2701 (Gardner et a/., 
1992, above) and cloned into the BamHl/EcoRV sites of pcDNA3 and pcDNA3.1A/5/His- 

20 TOPO (Invitrogen, CA). COS cells were transfected with the pcDNA1-based plasmids and 
FuGENE™ 6 (Roche Molecular Biochemicals, Indianapolis. IN) as transfection agents for 48 
hours. Cells were transformed with: (i) the vector alone; (ii) the vector carrying a tyrosinase- 
encoding gene; (iii) the vector carrying a P protein-encoding gene; or (iv) vectors carrying a 
tyrosinase-encoding gene and a P protein-encoding gene. Transformed cells were washed 

25 and extracted as above. Tyrosinase activity was then measured as above. Tyrosinase 
assays were performed on 60 micrograms of cell protein. 

COS cells transfected with a vector carrying a tyrosinase-encoding gene, or with 
vectors carrying a tyrosinase-encoding gene and a P protein-encoding gene as above, were 
treated with benztropine, or imipramine, or nitroquipazine, or left untreated, as above, and cell 

30 extracts were then prepared as above. The tyrosinase activity of cell extracts was determined 
as above. 

7.2 Results 

As shown in FIG. 2a. extracts from melan-a cells treated with benztropine or 
nitroquipazine had greater tyrosinase activities than untreated cells. Extracts from cells 
35 treated with imipramine had less tyrosinase activity than untreated cells. 

As shown in FIG. 3. extracts from COS cells transfected with the vector alone (V+V) 
or with the vector carrying the P protein-encoding gene (V+P) did not exhibit measurable 
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tyrosinase activity. Extracts from cells transfected with the vector carrying the tyrosinase- 
encoding gene (V+T) had measurable tyrosinase activity, while extracts from cells 
transfected with the vectors carrying the tyrosinase-encoding gene and the P protein- 
encoding gene (T+P) had tyrosinase activity approximately four fold greater than the 
5 tyrosinase activity found in extracts of cells transfected with the vector carrying the tyrosinase- 
encoding gene alone (V+T). 

FIG. 4 shows the separate effects of three compounds on P protein function. 
Nitroquipazine (4) caused extracts from tyrosinase-expressing COS cells to exhibit lower 
tyrosinase activity, regardless of whether the cells were expressing the P protein. 
10 Benztropine (2) did not have an appreciable effect on tyrosinase activity in these extracts. 
Imipramine (3) dramatically reduced the tyrosinase activity of cells expressing both P protein 
and tyrosinase, but had very little effect on cells expressing only tyrosinase. 

7.3 Discussion 

This example illuminates the relationship between P protein function and tyrosinase 

15 activity in cell extracts. Melanocytes that express P protein can be made to mimic cells that 
lack P protein function through the use of compounds that inhibit P protein function. Melan-a 
cells are wildtype for the P protein-encoding gene. Yet extracts taken from these cells after 
they are treated with imipramine have lower tyrosinase activity than untreated melan-a cells 
(FIG. 2). In contrast, extracts from cells treated with benztropine or nitroquipazine have 

20 higher tyrosinase activity than untreated cells (FIG. 2). 

COS cells are derived from monkey kidney cells. Normally, they do not express 
tyrosinase or P protein. This example demonstrates that by transfecting COS celts with a 
tyrosinase-encoding gene and a P protein encoding gene, one can produce what might be 
considered an "artificial melanocyte." These cells express active tyrosinase and P protein 

25 (FIG. 3), and even produce melanin. Cotransfection of COS cells with both a tyrosinase- 
encoding gene and a P protein-encoding gene produces cells with approximately four times 
more tyrosinase activity than COS cells transfected with a tyrosinase-encoding gene alone 
(FIG. 3). This result demonstrates that P protein is expressed and active in these cells 
because the intracellular activity of tyrosinase was increased by P protein expression. 

30 Extracts from COS ceils that have been transformed with both a tyrosinase-encoding 

gene and a P protein-encoding gene and then treated with imipramine contained only about 
one third of the tyrosinase activity of similar cells not treated with imipramine (FIG. 4). The 
tyrosinase activity of COS cells that were transfected with only a tyrosinase-encoding gene 
and then treated with imipramine was not significantly different than the tyrosinase activity of 

35 extracts of similar cells not treated with imipramine (FIG. 4). These results indicate that 
imipramine reduces tyrosinase activity by inhibiting P protein function. By contrast, 
benztropine did not reduce the tyrosinase activity of extracts of transfected COS cells, 
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whether or not they expressed P protein (FIG. 4). In addition, nitroquipazine reduced the 
tyrosinase activity of extracts of transfected COS cells, whether or not they expressed P 
protein (FIG. 4). This result indicates that nitroquipazine is not an inhibitor of P protein 
function. 

5 8. Example: Secretion of Tyrosinase in Melan-p Cells Results from Proteolysis 

While we observed activity of tyrosinase in the medium, Potterf ef a/. (1998, Exp. Cell 
Res. 244:319-326) did not detect tyrosinase protein in the medium using aPEP7. Tyrosinase 
is a type I membrane protein anchored in the membrane, and it is thus likely that proteolysis, 
which leads to the clipping of the tail, is required for secretion. The truncated protein would 

10 not be detected by aPEP7, which is directed against the tail, although the catalytic domains 
would remain functional. We therefore, examined the effects of a series of protease inhibitors 
on the secretion of tyrosinase by melan-a and melan-p1 cells. E64, an epoxysuccinyi peptide 
and a potent inhibitor of cysteine proteinases was found to be the most effective in reducing 
the amount of tyrosinase secreted into the media of melan-p1 cells (FIG. 5a), thus 

15 demonstrating that secretion of tyrosinase can be inhibited by blocking the activity of cysteinyl 
proteases. 

If proteolysis and secretion of tyrosinase were the precipitating factor in the misrouting 
of tyrosinase, then E64 should increase melanin accumulation in melan-p1 cells. The effects 
of E64 were further investigated, and a potential synergy with tyrosine, which also reduced 
20 secretion into the media, examined. A range of E64 concentrations was tested at low (0.03 
mM) and high (0.3 mM) tyrosine. 

At 0.03 mM tyrosine, 12.5 uM E64 lowered secretion of tyrosinase into the medium 
from 7.1% to 4.0% (FIG. 5a), whereas at higher concentrations (25 pM), E64 was only slightly 
more effective (3.8% activity in media). E64 also reduced tyrosinase secretion at higher 
25 tyrosine concentrations (0.3 mM), reducing the tyrosinase in the medium from 6.5% to 3.9%. 
The higher concentration of E64 was not more effective. Surprisingly, E64 reduced 
intracellular melanin production at high concentrations of tyrosine. Thus, despite its ability to 
diminish proteolysis and secretion of tyrosinase from melan-p1 cells, E64 was not able to 
cause tyrosinase to re-route to the melanosome and begin melanin synthesis and deposition. 
30 9. Example: Comparison of Ultrastructure and Distribution 

of Tyrosinase in Melan-a and Melan-p1 Cells 
9.1 Materials and Methods 
Melanocytes were seeded into Lab-Tek chamber slides (Nunc, Inc.. Napervifle, II) and 
grown to 90% confluence. Cultured melanocytes were fixed in wells with half-strength 
35 Karnovsky's fixative (Kamovsky, 1965) in 0.2 M sodium cacodylate buffer at pH 7.2 for 30 
minutes at room temperature. For dihydroxyphenylalanine (DOPA) histochemistry, fixed cells 
were incubated in 0.1% 1-DOPA twice for 2.5 hours. The cells were washed 3 times in buffer 
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and treated with 1 .0% osmium tetroxide containing 1 .5% potassium ferrocyanide (Karnovsky, 
1971) for 30 minutes. The ceils were washed, stained en bloc with 0.5% uranyl acetate for 30 
minutes, dehydrated, and embedded in Eponate 12. Areas of the Epon case were cut out and 
mounted on Epon pegs and sectioned on an RMC MT 6000-XL ultramicrotome. Ultrathin 
5 sections were stained with aqueous solutions of uranyl acetate (2%) and lead citrate (0.3%) 
for 15 minutes each, and then viewed and photographed in a JEOL JEM-IOOCX transmission 
electron microscope. 

9.2 Results 

Previous studies have shown that deficiency of the P protein results in both 

10 ultrastructural aberrations (Moyer, 1966, Am Zool 6:43-66; Sidman and Pearlstein, 1965, Dev. 
Biol. 12:93-116; Orlow and Brilliant, 1999. Exp. Eye Res. 6B:147-154) as well as abnormal 
subcellular localization of tyrosinase (Potterf et al.. 1998, supra). In order to investigate both 
features simultaneously, we determined the subcellular architecture and the distribution of 
tyrosinase in melan-a and melan-p1 cells by electron microscopy with and without DOPA 

15 histochemistry. 

As reported previously (Rosemblat et a/. ( 1998, Exp. Cell Res. 239:344-352), cultured 
melan-a cells, wildtype at the p locus, contained melanosomes that were predominantly of 
stage IV maturation (FIG. 6a). In contrast, p-null melan-p1 cells exhibited melanosomes that 
were predominantly stage I and II and occasionally stage 111 (FIG. 6b). 

20 Upon DOPA incubation of melan-a cells, tyrosinase activity was demonstrated in the 

trans Golgi network (TGN) and in 50 nm vesicles which were confined to the vicinity of the 
Golgi apparatus (FIG. 7a). DOPA treated melan-p1 cells also demonstrated reaction product 
in the TGN and neighboring 50 nm vesicles (FIG. 7b). In addition, reaction product was 
present in some melan-p1 melanosomes. However, many melanosomes, both in the cell body 

25 as well as in the dendrites, remained devoid of reaction product (FIG. 7b). Unlike melan-a 
cells (FIG. 7a), melan-p1 cells exhibited reaction product in 50 nm vesicles well outside of the 
peri-nuclear Golgi area (FIG. 7b) and in close proximity to the plasma membrane (FIG. 7b) 
suggesting an abnormal accumulation of tyrosinase in a population of vesicles. 
9.3 Discussion 

30 The lack of P protein resulted in the proliferation of small tyrosinase-containing 

vesicles that were no longer limited to the area around the TGN. Tyrosinase was therefore 
either packaged into different vesicles in the two cell lines or, alternatively, the vesicles were 
the same, but their routing was disrupted in the absence of P. Tyrosinase in these aberrant 
vesicles could be detected by DOPA staining and was thus enzymattcally active. The increase 

35 in mature melanosomes in melan-p1 cells cultured in high tyrosine was not accompanied by a 
major reduction in the number of 50 nm vesicles, suggesting partial, but not complete, 
correction, of the p phenotype by tyrosine. 
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10. Example: Targeting of Lysosomal Hydrolases in Melan-a and Melan-p Ceils 
This experiment demonstrates that melan-p cells do not properly target a certain class 
of lysosomal hydrolases to the lysosome. 

10.1 Material and Methods 

5 Melan-a and melan-p cells as described above in Section 6 were seeded to high 

density and grown in low tyrosine (14 pM) DME medium. Large granule and small granule 
fractions were prepared and centrifuged on pre-layered sucrose gradients as described in 
Rosemblatt et a/., 1994, above and Seiji, 1963. Annals N.Y. Acad. ScL, 100:497-533. 
Fractions were collected from the top down. 
10 Appropriate reaction substrates for the lysosomal enzyme assays prepared in 0,2 M 

sodium acetate, 1% TritonX-100 were as follows: 

p-hexosaminidase - 4 mM 4-methylumbelliferyl-N-acetyl-P-D-glucosaminide 
P-glucosidase - 4.6 mM 4-methylumbelliferyl-N-acetyl-p-D-glucoside 

P-glucuronidase - 4.6 mM 4-methylumbelliferyl-N-acetyl-p-D-glucoronide 

1 5 p-galactosidase - 4.6 mM 4-methylumbelliferyl-N-acetyl-p-D-galactoside 

Acid phosphatase - 22.5 mM 4-methyiumbelliferyl-phosphate 

The reaction mix was prepared in 96 well flat bottom plates. Each well was loaded 
with 25 pi of a gradient fraction, 2.5 pi 1M sodium acetate and 27.5 pi of the appropriate 
substrate mix. The plates were covered with parafilm and incubated at 37°C. P- 

20 hexosaminidase reactions were incubated for 50 minutes, p-glucosidase, p-glucuronidase and 
p-galactosidase reactions were incubated for 20 minutes, and acid phosphatase reactions 
were incubated for 10 minutes. Reaction was stopped by addition of 200 pi of stop buffer 
(132 mM glycine, 68 mM sodium chloride, 83 mM anhydrous sodium carbonate), and plates 
read immediately using an excitation wavelength of 370 nm and an emission wavelength of 

25 460 nm. 

10.2 Results 

In both melan-a and melan-p cells, very little of the lysosomal hydrolases were 
detected in the small granule fraction (see FIGS. 8-12). This result was expected because 
the small granule fraction consisted of mostly small vesicles in which lysosomal hydrolases do 

30 not normally accumulate. The large granule fraction contains endoplasmic reticulum. Golgi 
organelles, lysosomes and melanosomes and, hence, should contain most of the lysosomal 
hydrolases. With respect to acid phosphatase, there was only slightly less overall activity for 
the enzyme in large granule fractions from melan-p cells as compared to those from melan-a 
cells (FIG. 8B). Additionally, there was a minor shift in localization of acid phosphatase to 

35 slightly less dense fractions in the melan-p cells as compared to melan-a cells. However, with 
respect to the other lysosomal hydrolases assayed, the differences between melan-a and 
melan-p cells was dramatic. In fact, the overall activity of p-hexosaminidase, p-glucosidase, 
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p-glucuronidase and p-galactosidase was significantly reduced in melan-p cells as opposed to 
melan-a cells (see FIGS. 9-12, right panels). This loss of activity could not be attributed to a 
shift of the enzymes within the cells because whole cell extracts demonstrated the similar 
significant decreases in activity of p-hexosaminidase, p-glucosidase, p-giucuronidase and p- 

5 galactosidase in melan-p cells as opposed to melan-a cells, but with essentially no difference 
in the total amounts of alkaline phosphatase between melan-p and melan-a cells (results not 
shown). While the same large granule fractions from melan-a cells that contained acid 
phosphatase also contained most of the P-hexosaminidase, P-glucosidase, p-glucuronidase 
and p-galactosidase activities, melan-p cells had a significant reduction in activity of these 

10 enzymes in the large granule fractions. Thus, p-hexosaminidase, p-glucosidase, p- 
glucuronidase and p-galactosidase enzymes do not accumulate correctly in lysosomes in 
metan-p cells. 

10.3 Discussion 

Unlike acid phosphatase, the enzymes p-hexosaminidase, p-glucosidase, P- 
15 glucuronidase and p-galactosidase are not transported to the cell surface prior to eventually 
reaching the lysosome. Instead, these enzymes are transported from the frans-Golgi network 
to the late endosome via the activity of the M6P/IGF-II receptor. The differences in targeting 
of these two classes of lysosomal hydrolases in melan-p cells versus melan-a cells indicates 
that disruption of P protein function affects M6P/IGF-II receptor-mediated targeting. Based on 
20 our results showing the secretion of tyrosinase from melan-p cells, and the intracellular 
depletion of p-hexosaminidase, p-glucosidase, p-glucuronidase and p-galactosidase in large 
granule fractions from the same cells, this class of lysosomal enzymes should be secreted 
from the melan-p cells. Accordingly, targeting of these enzymes, assayed by an increase in 
secretion or a reduction in accumulation in lysosomal membrane fractions, can also be used 
25 as part of an assay to screen for compounds that affect the function of P protein. 

EQUIVALENTS 

The foregoing written specification is sufficient to enable one skilled in the art to 
practice the invention. Indeed, various modifications of the above-described means for 
carrying out the invention which are obvious to those skilled in the field of molecular biology. 
30 medicine or related fields are intended to be within the scope of the following claims. 

All patents, patent applications, and publications cited above are incorporated herein 
by reference in their entirety. 
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CLAIMS 

What is claimed is: 

1 . A method of screening for compounds that inhibit melanogenesis, the method 
comprising: treating cells expressing a tyrosinase-encoding gene with a test compound, and 

5 determining the cellular localization of tyrosinase in the presence of the test compound; 
wherein a change in the cellular localization of tyrosinase in the presence of the test 
compound as compared to in the absence of the test compound indicates that the test 
compound is a candidate for a compound that inhibits melanogenesis. 

2. The method of claim 1 , wherein the cells further express a P protein-encoding 
10 gene, and wherein the change in the cellular localization of tyrosinase in the presence of the 

test compound as compared to in the absence of the test compound is dependent upon the 
expression of the P protein-encoding gene. 

3. The method of claim 1 or 2, wherein the cellular localization of tyrosinase is 
determined by assaying the amount of tyrosinase secreted by the cells in the presence of the 

15 compound, wherein an increase in the amount of tyrosinase secreted by the cells in the 
presence of the test compound as compared to in the absence of the test compound indicates 
that the test compound is a candidate for a compound that inhibits melanogenesis. 

4. The method of claim 1 or 2, wherein the cellular localization of tyrosinase is 
detected by assaying for tyrosinase activity. 

20 5. The method of claim 1 or 2, wherein the cellular localization of tyrosinase is 

detected by assaying for the presence of tyrosinase protein using immunological techniques. 

6. The method of claim 1 or 2 further comprising the step of assaying the 
amount of tyrosinase associated in a high molecular weight complex in the presence of the 
test compound, wherein a decrease in the amount of tyrosinase associated in a high 

25 molecular weight complex in the presence of the test compound as compared to in the 
absence of the test compound indicates that the test compound is a candidate for a 
compound that inhibits melanogenesis. 

7. The method of claim 1 or 2 further comprising the step of assaying the 
amount of TRP-1 or TRP-2 protein associated in a high molecular weight complex in the 

30 presence of the compound, wherein a decrease in the amount of TRP-1 or TRP-2 protein 
associated in a high molecular weight complex in the presence of the test compound as 
compared to in the absence of the test compound indicates that the test compound is a 
candidate for a compound that inhibits melanogenesis. 

8. The method of claim 1 or 2 further comprising the step of assaying the 
35 number or size of melanosomes in the cells in the presence of the compound, wherein a 

decrease in the number or size of melanosomes in the cells in the presence of the test 
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compound as compared to in the absence of the test compound indicates that the test 
compound inhibits melanogenesis. 

9. The method of claim 1 or 2 further comprising the step of assaying the mass 
or length of tyrosinase in the cells in the presence of the compound, wherein a decrease in 

5 the mass or length of tyrosinase in the cells in the presence of the test compound as 
compared to in the absence of the test compound indicates that the test compound is a 
candidate for a compound that inhibits melanogenesis. 

10. The method of claim 1 or 2 further comprising the step of assaying for the 
levels and/or targeting of lysosomal hydrolases in the cells in the presence of the compound, 

10 wherein a decrease in accumulation of lysosomal hydrolases that are transported via the 
M6P/IGF-II receptor in the lysosome in the cells in the presence of the test compound as 
compared to in the absence of the test compound indicates that the test compound is a 
candidate for a compound that inhibits melanogenesis. 

11. The method of claim 1 or 2, wherein the cells are grown in the presence of 
15 low tyrosine. 

12. The method of claim 11 wherein the concentration of tyrosine is 0.01-0.03 

mM. 

13. The method of claim 1 wherein the cells are melanocytes. 

14. The method of claim 1 wherein the cells are melanoma cells. 

20 15. The method of claim 1 wherein the cells are derived from a mammal. 

16. The method of claim 1 5 wherein the mammal is a human. 

17. The method of claim 15 wherein the mammal is selected from the group 
consisting of mouse, hamster, and guinea pig. 

18. A method of screening for compounds that increase melanogenesis 
25 comprising: treating cells expressing a tyrosinase-encoding gene with a test compound, and 

determining the amount of tyrosinase secreted by the cells in the presence of the test 
compound; wherein a decrease in the amount of tyrosinase secreted by the cells in the 
presence of the test compound as compared to in the absence of the test compound indicates 
that the test compound is a candidate for a compound that increases melanogenesis. 

30 19. The method of claim 18 wherein the cells further express a P 

protein-encoding gene, and wherein the decrease in the amount of tyrosinase secreted by the 
cells in the presence of the test compound as compared to in the absence of the test 
compound is dependent upon the expression of the P protein-encoding gene. 

20. The method of claim 18 or 19 further comprising determining a ratio of 

35 tyrosinase inside the cells to tyrosinase secreted by the cells, wherein an increase in the ratio 
in the presence of the test compound as compared to in the absence of the test compound 
indicates that the test compound induces melanogenesis. 
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21. The method of claim 18 or 19, wherein the amount of tyrosinase is detected 
by assaying for tyrosinase activity. 

22. The method of claim 18 or 19, wherein the amount of tyrosinase is detected 
by assaying for the presence of tyrosinase protein using immunological techniques. 

5 23. The method of claim 18 wherein the cells are melanocytes. 

24. The method of claim 18 wherein the cells are melanoma cells. 

25. The method of claim 23 or 24, wherein the cells are visually examined for an 
increase in melanin production. 

26. The method of claim 23 or 24 wherein the cells do not express P protein, and 
10 wherein a decrease in the amount of tyrosinase secreted by the cells in the presence of the 

test compound as compared to in the absence of the test compound indicates that the test 
compound is a candidate for a compound that mimics P protein function. 

27. The method of claim 23 wherein the cells are mouse melan-p melanocytes. 

28. The method of claim 18 wherein the cells are derived from a mammal. 
15 29. The method of claim 28 wherein the mammal is a human. 

30. The method of claim 28 wherein the mammal is selected from the group 
consisting of mouse, hamster, and guinea pig. 

31. The method of claim 26, wherein the cells are visually examined for an 
increase in melanin production. 

20 32. A method of screening for compounds that affect the function of P protein, the 

method comprising: contacting a system with a test compound, the system comprising P 
protein and tyrosinase; and identifying those test compounds that affect tyrosinase activity in 
the system in a P protein-dependent manner. 

33. The method of claim 32 wherein the system is a cell that expresses a P 
25 protein-encoding gene and a tyrosinase-encoding gene. 

34. The method of claim 33 wherein the cell is a cultured cell. 

35. The method of claim 32 wherein compounds that decrease tyrosinase activity 
in the system are identified as compounds that inhibit the function of P protein. 

36. The method of claim 35 further comprising the step of assaying for the 
30 targeting of lysosomal hydrolases in the cells in the presence of the compound, wherein a 

decrease in accumulation of lysosomal hydrolases that are transported via the M6P/IGF-II 
receptor in the lysosome in the cells in the presence of the test compound as compared to in 
the absence of the test compound indicates that the test compound Inhibits the function of P 
protein. 

35 37. The method of claim 32 wherein compounds that result in an increase in 

tyrosinase activity in the system are identified as compounds that increase the function of P 
protein. 
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38. The method of claim 32 wherein the P protein-encoding gene is derived from 
a mammal selected from the group consisting of human, hamster, guinea pig, and mouse. 

39. The method of claim 32 wherein the tyrosinase-encoding gene is derived 
from a mammal selected from the group consisting of human, hamster, guinea pig, and 
mouse. 

40. A method of screening for compounds that affect the function of P protein, the 
method comprising: using a primary screening method to preliminarily determine whether a 
test compound may affect P protein function; and using one or more secondary screening 
methods to determine whether the test compound affects P protein function. 

41 . The method of claim 40, wherein the primary screening method comprises at 
least one screening assay selected from the group consisting of assaying for secretion of 
tyrosinase and assaying for the missorting of at least one lysosomal hydrolase. 

42. A method of screening for compounds that affect the function of P protein, the 
method comprising: modeling a compound that affects the function of the P protein; making 
chemical analogs of the compound; and assaying the chemical analogs for their effect on the 
function of P protein. 

43. The method of claim 42 wherein the compound is imipramine. 
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Mitogenic, Melanogenic, and cAMP Responses 
of Cultured Neonatal Human Melanocytes to 
Commonly Used Mitogens 

ZAIFA ABDEl-MALEK,* VIKI B. SWOPE, JAMES PALIAS, KIMBERLY KRUC, a*d 
JAMES ». NOROIUND 

from the Department of Dermatology, University of Cincinnati College of Medic.ne, 
23 1 Beihesda Avenue, Ononnav. Ohio 45267-0592 

The following studies have been undertaken to compare and correlate the effects 
omSradecanoylphorbol acetate (TPA). basic fibroblast growth factor (bFCF), 
cta*£ wxtnlcT) andisobutyl methylxanthine (IBMX) on neonatal human me- 
faflocvle (NHM) proliferation, tyrosinase activity, and cyclic adenosine mono- 
S , 7cAMP) concentration. NHM proliferated at a maximal rate in medium 
cSSinM TPA, 200 ng/ml CT. and 10"« M IBMX TPA alone did not result 
' melanocyte oroliferation, and, as previously shown, its mitogenic 

!2feTw2 «Slv eTha£ed by the addition of CT and IBMX individually or 
cSoranttnT^ornb nan, (hr, bFCF could -place TPA in the NHM 
erowth medium. Maximal proliferation was achieved using 3 ng/ml hrbFCF. 20 
5H CT and 10- M IBMX. The mitogenic effect of 1.2 ng/m. hrbFCF u*s 
ootentiaied in the concomitant but not indivtdual presence of CT and IBMX. TPA 
absence of CT and IBMX caused a dose-dependent st.mulat.on o 
wrc^nase activity. Maximal tyrosinase activity was obtained in the presence of 
OBnMTPA 20 ng/ml CT, and 10"* M IBMX. UnlikeTPA, hrbFCF alone resulted 
fnlnh^or&se' activity. In the presence erf hrbFCF. 
" ootemiated bv CT and IBMX, but not by CT alone. Neither TPA nor hrbFGF 
Xr C ou d ncrcase intracellular cAMP levels. The effects of CT and IBMX on 
SacelMar cAMP concentration were enhanced ,c >a greater 
bv hrbFCF Under our experimental conditions, in the presence of hrbFCF, CT but 
not IBMX resulted in a dose-dependent increase in cAMP concentration Further 
studies on NHM will be aimed at determining the exact role of protein k nase C 
(PKQ in regulating proliferation and melanogenesis and the mechamsm(s) acti- 
vated by hrbFCF. 

. „ . . , „, mrfano- lanocvte proliferation further (Halaban et al., 19B6). 

The ability to «^^» J££bi£ f den- AU^fthe above conditions allowed neonatal but not 
cytesin ^^^f*Jj [ZST^pmZ. adult human melanocytes to be maintained for a long- 
tifying factors that regulate nuimn P»F»w" L nRP d term in culture. Recently it was reported that adult 
Most of the studieson human ^"g^J^S t^Sm no^ldonors as well as vitiligo pa- 
on the 'egula^n o P^^-SribSgSS- tients caTbe successfully grown and propagated for a 
dium for human melanocytes was i aescr, , SDec f fic i onB term in culture in a medium containing three es- 
and Marko and ^^^g^5£S3Sa Sal mitogens: TPA. FGF, and bovine pituitary ex- 
mito * cn ^ rt b l^ fl £Sr rS? (Sger and toact(Medrano and Nordlund. 1990). 

Kwnls Si *e SJiS To?meCo- Only a few studies have attempted to investigate the 
Marko, 1982). In this i m «»^\*"« & " r , h Dresence 0 f effects of commonly used mitogens on melanogenesis in 
cytes was shown to be dependwt^ on the F££>£ « h melanocytes. It is known that TPA binds to 
TPA, and the mitogenic effcct , 0 "™ o w ?!„ S £ p^tein kinase C (Castagna et al., 1982). In addition to 

?Up~Hferative effects, TPA has been shown to stimu- . 
etal., 1986). Since ^^^^^^^ B VBxMg ^ late tyrosinase activity in neonaUl human melano- 
extensively and TPA has I been > repl acea °ya ™ « (Halaban et al 1983). CT and IBMX are known 

^gens *u^ Kc^^iiular cyclic adenosine monophos- 

c^mSistS «* MP) ~«*» * activating adeny,Bte 
fibroblast growth factor (bFGF) and leukotrienes C 4 
and D 4 (Wilkins et al., 1985; Eisinger et al 1985. Hal- 
aban et al., 1987;Morelli et al . 1989). In addition to CI , ^ ^ September j 6i 1991 . 

mScyte^^ To whom reprint requests/correspondence should be addressed. 
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»\ al 1989) The assay is based on measuring the 

percent of control. 

Determination of cAMP concentration 

Melanocytes were seeded at a density of 5 xlj cells/ 
100 mm diameter Petri dish or at a density of 2.5 x 10° 
So mm diameter Petri d«h. The ««Uureswere 
*hM suhiected to the experimental conditions starting 
fltoSfir seeding wfth fresh medium added every 
other day for 6 days, as described earlier for other ex- 
pSmen&ess otherwise stated At the end of each 
Mneriment cells were harvested by gentle scraping 
wXTrSbbS policeman, counted, ™* 
?hon resusnended in 6% trichloroacetic acid for 1.5-2 
hoJrsat^C ^Tlecells were «ntriragedfor 15 minute^ 
andthe supernatant from each sample was collected 
and extracted four times with 5 x volumeof water-satu- 
ratefetheTwith the ether phase discarded each Urne^ 
Theaqueous phase from each sample was then dned Ion 
« hot nlate at 70-80°C under a stream of pure nitrogen 
a giXtSe. were resuspended in cold assay buffer 
(sodium acetate, P H 6.2, supplied ,n. the ™^ mu 
noassay kit) containing 1 raM theophylline. The vol 
umerfthe assay buffer for each sample was adjusted to 
SmEmSW cells extracted/100 
cite or triplicate 100 |U aliquots were taken from eadi 
sample to be assayed for cAMP as described in the ra- 
dioimmunoassay kit. 

RESULTS 
Dose-dependent effect of TPA on NHM 
proliferation^ the potentiation of this effect 
by CT and IBMX 

In order to determine the effects of TPA and its inter- 
action with CT and IBMX, a series of dose-r^ponse 
experiment, have been carried out result show 
that the proliferative response of NHM to TPA was 
much greater in the presence of 20 ng/ml CT and 10 
M IBMX than in the total absence of these two agente. 
at the three concentrations of TPA tested: 0.8, M^d 80 
nM (Fie. 1). In the concomitant presence of and 
IBMX, NHM demonstrated a dose-dependent increase 
in proliferation in response to TPA. Under these condi- 
tions! the cell number achieved at the en U>f the exper- 
iment in medium containing 8 or 80 nM TPA ^ iM- 
and 3-fold higher than that caused by 0.8 nMTPA. 
When deprived of CT and IBMX for 7-8 days, NHM 
survived, but they did not proliferate in the P^ nc * ° f 
0 8 nM TPA alone and replicated only once in the pres- 
ence of 8 or 80 nM TPA (Fig. 1). 

&e contribution of CT and IBMX to the otogenic 
efTect of TPA was determined by adding ^either CI or 
IBM X to a medium containing 8 nM TPA (Table 1). The 
addition of 10- 4 M IBMX resulted in a ^JP^? 
while the addition of 20 ng/rnl CT contributed a 49% 
increase in NHM proliferation (Table 1 , «If™^* «" 
In medium containing 8 nM TPA and 20 ng/ml CT the 

addition of IBMX caused a dose-dependent stimulation 

of proliferation. With the addition of IBMX at 10 . 

10 5 and 10" 4 M, the cell number increased by 61%, 




o.a 8.0 80-0 

[TPA] (nM) 

Fig. 1. The mitogenic efTect of l^tetra^noyjphorbol acetate 
(TPA> oo NHM in the absence or presence of CT and IBM X. Neonatal 
human melanocytes were seeded onto 6 cluster welb at a density of 
1 3 x 10 s cells/well. Triplicate weUe were seeded for each experimen- 
tal group. The following day and every other day thereafter each 
experimental group received the appropriate concentration of TPA in 
thrabsence or presence of 20 ng/ml cholera toxin <CD »nd 10 M 
isobutyl methylxanthine (IBMX1 for a total of 7 days. At the end of 
each experiment, cells from each well Were detached and counted 
using a Coulter Counter Model ZM. This experiment was repeated 
four times with four different ceU strains and eimUar results were 
obtained consistently. \ Each of 0.8. 8.0, and 80 nM TPA, +CT 
+1BMX is statistically different from its respective group -Ul 
-IBMX at P * 0.05. + . Groups are statistically different from each 
other at P « 0 05. x. Croups are statistically different from 0.8 nM 
TPA -CT -IBMX but not different from each other at P «s 0.05. 



74% and 100% above the cell number obtained under 
control conditions (i.e., -CT, -IBMX, Table 1, experi- 

"the mitogenic efTect of CT was also investigated by 
adding 2, 20, or 200 ng/ml CT to a medium containing 
10 -4 M IBMX and 8 nM TPA (Table 1. experiment II). 
Melanocytes proliferated at approximately the same 
rate in response to 2 and 20 ng/ml CT in their medium 
but had a significantly higher proliferative rate in re- 
sponse to 200 ng/ml CT. At this latter concentration, 
the cell density achieved at the end of the experiment 
was 35% and 26% greater than that obtained in the 
presence of 2 or 20 ng/ml CT, respectively. 

From these results, it can be concluded that melano- 
cytes respond in a dose-dependent manner to TPA, and 
that this response is greatly potentiated by CT and 
IBMX (Fig l t Table 1). Maximal proliferation can be 
achieved in the presence of 8 nM TPA, 200 ng/ml CT, 
and 10" 4 M IBMX (Table 1, experiment II). 

Dose-dependent effects of hrbFGF, CT, and 
IBMX on NHM proliferation 

As observed with TPA, in medium containing 
hrbFGF, NHM proliferated at a faster rate in the pres- 
ence than in the absence of 20 ng/ml CT and 10~ 4 M 
IBMX (Fig. 2). The mitogenic effect of hrbFGF was 
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TABLE I. Dose response of NHM grown in the presence of 8 aM TPA to CT and 1BMX 1 





Cellular proliferation 


Tyrosinase activity 




Cell no.xlO* 


% of control 


cpm/lO 6 cells 


% of control 


Experiment I 
-CT. -IBMX (control) 
-CT. +1CT« M IBMX 
+CT. -IBMX 
4CT. +10"* M IBMX 
•+CT, +ICT 6 M IBMX 
+CT, +ICT< M IBMX 

Experiment II 
IBMX, +2ng/mlCT 
IBMX, +20 ng/ml CT 
IBMX, +200 ng/ml CT 


0.66 ±0.02 
2.08 ±0X6 
0.98 ± 0.02 
1.06 ±0.06 
1.15 ±0.10 
132 ±0X6 

1.52 ±0.15 
1.63 ±0.07 
2.05 ±0X6 


100 ±3 
164 ±9* 
149 ± 3* 
161 ±9* 
174 ± 16* 
200 ± 9W*M 

100 ±10 
107 ±5 
135±4ttttt 


21X47 ± 816 
37.294 ± 2,840 
62,135 ± 372 
69,532 ± 4,938 
77X75 ± 777 
65.270 ±3^47 

61,465 ±2,414 
54.807 ±3^69 
72X31 ±3.662 


100 ±4 
177 ±14* 
248 ± 18* ** 
330 ± 24» »* 
3G6±4*." 
310 ± 17*.»* 

100 ±4 
89±6 
117 ± em 



'Mdhanocyttt wen seeded at an initial density af0£x lO'ocllt In 2 cm* wells. Twenty-four hours later thcBppropriatecxpcriioeritoJ 
media wen added and the media were changed every other day thereafter for a total of 7 days. Id experiment I. ail media 
oontai ned 8 nM TPA and 20 ng/xnl CT voless mentioned otherwise. In eapcrime nt II. all media contained 8 nM TPA + I0~*M 
IBMX, and the cell strain oacd was different from that uaed in experiment L n «= 3 for cellular proliferation and a ^ 6 for 
tyrosinase activity. The above result* art those of an experiment that waa repeated twice with similar findings. Values arc ± 
SE. CT.cholera Uain; I BMX. iaobutyl methylxanlhine; NHM, neonatal human melanocyte: TPA, 1 20-t*tredecanoy|phorbol 



• Valsea ur» statistically different from th« -CT. -IBMX treatment group, P S 005. 

M Valoes are statistically different from -CT. + lO""" M IBMX treatment group, P £ 0.05. 

— Veloe* are statistically different from +CT. flO"** M IBMX at P £ 0.05. 

t Values ara statistically different from +CT, -IBMX treatment group at P £ 0.06. 

ft Values are statistically different from IBMX, +2 ng/ml CT treatment group, P £ 0.06. 

tit Values are statistically different from IBMX, +20 ng/ml CT treatment group, P £ 0.05. 
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greatly potentiated (two- to fourfold) by the addition of 
20 ng/ml CT and 10" 4 M IBMX to a medium containing 
0.6, 1.2, 3, or 6 ng/ml hrbFGF, and maximal prolifera- 
tion was obtained in response to 3 ng/ml hrbFGF. In 
medium lacking CT and IBMX, increasing the concen- 
tration of hrbFGF from 0.6 to 1.2, 3, and 6 ng/ml re- 
suited in a minimal increase in cellular proliferation. 
Under these conditions, NHM demonstrated a 30-40% 
increase in proliferation in the presence of 6 ng/ml 
hrbFGF over that obtained in the presence of 0.6 ng/ml 
(Fig. 2). 

In the presence of 1.2 ng/ml hrbFGF and 20 ng/ml 
CT, NHM responded to increasing concentrations of 
IBMX with a dose-dependent increase in proliferation. 
Under these conditions, 10" 5 M IBMX resulted in a 
maximal increase in eel! number, which was 161% 
greater than that obtained in the absence of IBMX or of 
IBMX and CT (Table 2, experiment I). 

In medium containing 1.2 ng/ml hrbFGF and 10 M 
IBMX, NHM demonstrated a gradual and significant 
increase in proliferation in response to increasing con- 
centrations of CT. The number of NHM obtained in the 
presence of 20 ng/ml CT was 70% higher than that 
achieved in the absence of CT alone or of both CT and 
IBMX, and 46% higher than that caused by 2 ng/ml CT 
(Table 2, experiment II). Increasing the concentration 
of CT from 20 to 200 ng/ml CT did not further potenti- 
ate proliferation. An interesting observation is that in 
medium containing hrbFGF, the presence of both CT 
and IBMX was obligatory for the enhancement of the 
mitogenic effect of hrbFGF. Neither CT nor IBMX 
alone increased proliferation above that achieved un- 
der control conditions (i.e., -CT, -IBMX, Table 2, ex- 
periments I and II). . 

These results confirm previous findings that hrbb 
can substitute for TPA in the NHM growth medium 
(Halaban et ah, 1987). However, unlike TPA whose 
mitogenic effect on NHM can be potentiated by either 
CT or IBMX, hrbFGF requires the concomitant pres- 



ence of both of these factors for synergistic stimulation 
of NHM proliferation. 

Dose-dependent effects of TPA, CT, and IBMX 
on tyrosinase activity 

In NHM medium lacking CT and IBMX, increasing 
the concentration of TPA from 0.8 to 8 nM resulted in a 
1.5-fold increase in tyrosinase activity (Fig. 3). No fur- 
ther stimulation of tyrosinase activity was obtained as 
the concentration of TPA was further increased to 80 
nM. In the presence of 20 ng/ml CT and NT 4 M IBMX, 
the activity of tyrosinase was greatly potentiated at the 
three concentrations of TPA tested (0.8, 8, and 80 nM), 
and was maximal in the presence of 0.8 nM (Fig. 3). The 
potentiating effects of CT and IBMX gradually dimin- 
ished as the concentration of TPA was increased to 8 
and 80 nM. 

In the presence of 8 nM TPA and 20 ng/ml CT, maxi- 
mal tyrosinase activity was achieved at 10" 6 M IBMX 
and was 230% above control and 33% above the activity 
measured in the absence of IBMX (Table 1, experiment 
I). In the absence of CT, 10 " 4 M IBMX contributed a 
77% increase in tyrosinase activity above control level. 
In comparison, 20 ng/ml CT enhanced tyrosinase activ- 
ity by 148% above control, in the absence of IBMX 
(Table 1, experiment I). The use of 2 or 20 ng/ml CT, in 
the concomitant presence of 10" 4 M IBMX, had a com- 
parable effect on tyrosinase activity. This effect, how- 
ever, was significantly enhanced as the concentration 
of CT was further increased to 200 ng/ml (Table 1, ex- 
periment II). 

Dose-dependent effects of hrbFGF, CT, and 
IBMX on tyrosinase activity 

We have found that hrbFGF at concentrations rang- 
ing from 0.6 to 6 ng/ml decreased tyrosinase activity in 
a dose-dependent fashion. This effect was observed in 
the absence and in the presence of CT and IBMX 
(Fig. 4). In the absence of these two agents, tyrosinase 
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0.6 1.2 3.0 6.0 

[hrbFGF] (ng/ml) 

Fig. 2. The mitogemc effect of human recombinant basic fibrablut 
erowth factor (hrbFGF) on NHM in the absence or presence of cholera 
K^SfSul isobutyl I methylxanthine (IBMX) Neonatal 1 uman 
melanocytes grown in medium containing 12 ng/ml hrbFGF 20 ng/rnl 
CT^dlO^ 4 M IBMX were seeded onto 6 cluster wells at a density of 
1 o'x 10* cells/well. On the following day and every other day thereaf- 
ter for 7 days, each experimental group received medium containing 
SeappwpriaUconcen^ 

20 niAnl CT and 10"- M IBMX. For each group, n =^3. This expert- 
ment was repeated five times using five different ce strains. Each 
Sn^ntrttTof hrbFGF +CT +1BMX is ^ica! b*^J%* 
its -CT -IBMX counterpart at P «s 0.05. + , 0.6. 1.2. and 3 ng/ml 
SbFGFeach in the presence of CT and IBMX are staUstically differ- 
ent from each other. 6 ng/ml hrbFGF is statistically different from 0 6 
and 1 .2 ng/ml hrbFGF. but not from 3 ng/ml. in the presence ofCT and 
IBMX at P * 0.06. x. Values are statistically different from 0.6 ng/ml 
hrbFGF -CT -IBMX etP « 0.05. 



activity was either unaffected (two of five ceil strains 
tested) or diminished (three of five strains) by increas- 
ing concentrations of hrbFGF. As expected, tyrosinase 
activity was greater in the presence than in the absence 
of CT and IBMX at 1.2 and 3 ng/ml hrbFGF. 

A dose-dependent stimulation of tyrosinase activity 
was obtained in response to IBMX and CT (Table 2). 
Maximal tyrosinase activity was measured in response 
to 10" 4 IBMX in medium containing 1.2 ng/ml hrbFGF 
and 20 ng/ml CT (Table 2, experiment I). Under these 
conditions, tyrosinase activity increased 86% and 116% 
above that measured in the absence of IBMX or under 
control conditions, respectively. In the presence of 10" 
M IBMX and following the addition of 2, 20, and 200 
ng/ml CT, tyrosinase activity was elevated by 21%, 
53%, and 59%, respectively, above that measured in the 
absence of CT (Table 2, experiment II). Interestingly, in 
the absence of IBMX, CT at 20 ng/ml had no significant 
stimulatory effect on tyrosinase (Table 2, experiment 
1). However, in the absence of CT, 10 ~ 4 M IBMX elic- 
ited a 122% stimulation of tyrosinase activity above 
control (Table 2, experiment II). 

These experiments suggest that while hrbFGF is mi- 
togenic to NHM, it decreases tyrosinase activity. The 
addition of both CT and IBMX to the hrbFGF-contain- 



ing medium results in a higher tyrosinase activity than 
that obtained in the absence of CT and IBMX (Fig. 4, 
Table 2). IBMX in the absence of CT can stimulate 
tyrosinase activity. However, the stimulatory effect of 
CT is only evident in the concomitant presence of IBMX 
(Table 2). 

Morphology of NHM grown in medium 
containing hrbFGF 
It is known that NHM grown in the presence of TP A 
are uniformly bipolar (Fig. 5A). However, in the pres- 
ence of hrbFGF concomitantly with CT and IBMX, 
NHM had a heterogeneous morphology. Some were ei- 
ther epithelioid or bipolar, and some others were poly- 
dendritic (Fig. 5B). The dendricity of the melanocytes 
was increased by increasing the concentration of 
hrbFGF in the culture medium. High concentrations of 
hrbFGF (^3 ng/ml) caused the appearance of many 
polydendritic melanocytes (Fig. 5C). The morphology of 
NHM was greatly modified by depleting the hrbFGF 
containing medium of CT and IBMX. The absence of 
these two factors produced a very uniform morphologic 
pattern. All NHM became more epithelioid and bipolar 
with short dendrites (Fig. 5D). This change in morphol- 
ogy was evident 48 hours after removal of CT and 
IBMX from the growth medium containing hrbFGF 
and was not observed in cultures maintained in the 
presence of TP A. 

Induction of cyclic AMP by TP A, CT, and IBMX 

In the presence of 20 ng/ml CT and 10" 4 * M IBMX, 
TP A increased cAMP concentration dose-dependently. 
Increasing the concentration of TP A from 0.8 to 8 and 
80 nM in the presence of the above concentrations of CT 
and IBMX resulted in a 67% and a 223% elevation of 
cAMP concentration (Table 3, experiment I). In me- 
dium lacking CT and IBMX, increasing the concentra- 
tion of TPA from 0.8 to 8 and 80 nM had no significant 
effect on cAMP concentration (data not shown). 

As expected, both IBMX and CT increased cAMP 
concentration in a dose-dependent fashion (Table 4). 
IBMX alone at 10~ 4 M contributed a 42% increase in 
cAMP level above that measured in the absence of CT 
and IBMX. The concomitant presence of 20 ng/ml CT 
and 10"' s or 10" 4 M IBMX caused NHM to express a 
63% and a 250% increase in cAMP concentration, re- 
spectively, above that measured in the control group. 
CT at 20 ng/ml, in the absence of IBMX, resulted in a 
17% higher cAMP level than that measured in the con- 
trol group. An 85% increase in cAMP level above con- 
trol resulted from the concomitant addition of 2 ng/ml 
CT and 10~ 4 M IBMX. This increase was potentiated by 
90% as the concentration of CT was increased from 2 to 
20 ng/ml, but was not further enhanced by 200 ng/ml 
CT (Table 4). 

The dose-dependent effect of hrbFGF on cAMP con- ' 
centra tion in the absence or presence of CT and IBMX 
was investigated (Table 3, experiment II). In the ab- 
sence of CT and IBMX, NHM grown for 7 days in me- 
dium containing 3 ng/ml hrbFGF expressed a minimal 
increase in cAMP concentration above that measured 
in NHM grown in medium containing 1.2 ng/ml 
hrbFGF (data not shown). This increase, although 
small, was consistently observed in three experiments 
using three different cell strains, and was not further 
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TABL E 2. Dose response of NHM grown in the presence of 1.2 ng/rol hrbFCF to IBMX and CT 1 

Cellular proliferation Tyrosinase activity 



Cell no-xlO 4 



ft of control cpm/10 8 cells % of control 



Experiment I 
-CT, -IBMX (control) 
+CT. -IBMX 
+CT, +10"* M IBMX 
+CT. +10-* M IBMX 
+CT, +\0~* M IBMX 
Experiment n 
-CT, -IBMX (control) 
+IBMX, -CT t _ 
+IBMX, +2 ng/rol CT 
+IBMX. +20 ng/mlCT 

41BMX +200 ng/ml CT 

rffr " i(„iu, diffmnt frocn the -CT ami -IBMX treatment groop, r s oua- 



L53± 0.011 
1.41 ± 0.02 
156 ±0.03 
4.00 ± 0,40 
437 ± 0.60 

3.96 ±0.21 
4.07 ± 0.0S 
4.68 ±0.07 
6.83 ±038 
6.13 ± 0.08 



100 ± I 
92 ± 1 
102 ±2 
261 ± 26»>* 
286 ± 39*'* 

100±6 
103±2 
118±2*»M 
173 ± 10***t tt 
155 ± 2 # -4 tt 



20,009 ±871 
23,297 ± 1,961 
24.487 ± 1.063 
25.928 ±526 
43^43 ±1.433 

27.756 ±1.471 
61.475 ±1,177 
74J572± 1.501 
94.097 ± 3.085 
97,709 ± 1.791 



100 ±4 
116 ± 10 
122±5* 
130 ±3» 
216 ± 7»-** 

100 ±5 
222 ± 4*** 
269 ± B**M 
339 ± ll«*M tt 
352 ± T**M*tt 




[TP A] (nM) 

Fie. 3. The effect of 120-tetradecanoylphorbol acetate (TP A) on ty - 
r^ nase activity of NHM maintained in the atonce or ^ of 
Solera to* in (CT) and isobutyl methylxanthine (IBMX) At the end of 
the experiment presented in Figure 1. tyrosinase activity ww deter- 
mined^ dewribedb Materials and Methods. For eachgroupji- 6. 
Similar results were obtained with four different "^"r^CT 
Values are atatistically different from control (0.8 nM TPA CI 
-fflMX) at ewnWntration of TPA at P * 0.05. + . Croups repre- 
sent^ga8.r0.and80nMTPA + CT + IBMX are a^U^cally differ- 
wUwmwch other at P « 0.05 x, Values are ^^Uydiffe™t 
from 03 nM TPA -CT - IBMX but not from each other atP * 0.05. 

enhanced by increasing the ^ncentratiou ^bFGF to 
6 ng/ml. In the presence of CT and IBMX, the hrbFGF- 
induced cAMP concentration was greater i m the pres- 
ence than in the absence of CT and IBMX and was 
slightly increased when the concentration of nrbUOt 
W asraisedto6ngtoUTable3,ex^^ 

In medium containing 1.2 n g^\^ b ^ a "V n ° 
ne/ml CT, the greatest increase (20%) in cAMP concen- 
trlTon was achieved when 10" M IBMX was ^added 
Lower concentrations of IBMX U(T> and 10 M) 
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[hrbFGF] (ng/ml) 

Fig 4. Dose-dependent effect of human recombinant basic fibroblast 
growth factor (hrbFGF) on tyrosinase activity, in the absent or pres- 
ence of cholera-toxin (CD and isobutyl methylxanthine (IBMX) Me- 
lanocytes were seeded at 13 x .10* cells/well and exposed to the above 
experimental conditions for a total of 6 days as described in Materials 
and Methods. In each group n = 6. Tbia experiment was repeated rive 
times using five different cell strains. The control in th is experi mentis 
the group maintained in the presence of 1.2 ng/ml hrbFGF -CT 
-IBMX. ♦, Each group +CT +IBMX is statistically different from its 
-CT -IBMX counterpart at each concentration of hrbFGF tested, at 
P <s 0.05. + . Groups representing 1 .2, 3.0, and 6.0 ng/ml hrbFGF +CT 
and IBMX are statistically different from each other at P « 0.05. x, 
Groups are statistically different from control but not from each other 
atP « 0.05. 



caused a slight (7%) increase in cAMP concentration. 
The dose-dependent effect of IBMX on cAMP was found 
to be the same when measured after 4 (Table 5, experi- 
ment I) or 6 days of treatment (data not shown). 

As for the effect of CT on cAMP induction, a maximal 
increase in cAMP concentration (56%) was achieved 
upon the addition of 20 ng/ml CT to a medium contain- 
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Fie & Ueht microscopic view (1 ,5O0X) of NHM grown in the presence of (A) 8 nM TTA, 20 ngftnl CT 
Fig. 5. Ught JJ«~jy 2 . j hrbFGF, 20 ng/ml CT. and 10' 4 M 1BMX; (C) 6 ng/mi hrbFGF. 20 ng/ml 



CT.ind 10 « NMB^ WMX. 



ing 1.2 ng/ml hrbFGF and 1CT 4 M IBMX (Table 5, ex- 
periment II). The stimulatory effect of CT was measur- 
able after 4 days of treatment (Table 5) and was greatly 
reduced after 6 days of treatment (data not shown). 

DISCUSSION 
Our results, and those previously reported by others, 
clearly show that agents that elevate cAMP concentra- 
tion, such as CT and IBMX, greatly potentiate the mi- 
togenic effect of TPA on NHM (Fig. 1; Eisinger and 
Marko, 1982; Halaban et al., 1986; Wilkins et al., 
1985). In a series of dose-response experiments we 
found that TPA, known to be a necessary component of 
some media that support the growth of melanocytes, did 
not result in a remarkable proliferative rate in the ab- 
sence of CT and IBMX (Fig. 1). In one study, however, 
Pittlekow and Shipley (1989) could not detect any en- 
hancement of the proliferative response to TPA by CT 
or IBMX. One possible explanation for this is their use 
of pituitary extract in the culture medium, which may 
have resulted in a maximal autogenic response. Whole 
bovine pituitary extract was found to be an essential 



component for the growth of adult human melanocytes 
in the conditions described by Medrano and Nordlund 
(1990). We have found that the proliferation of NHM 
was maximally induced by 8 nM TPA, 200 ng/ml CT, 
and 10~< M IBMX (Table 1, experiment II) and could 
not be further stimulated by increasing the concentra- 
tion of TPA to 80 nM (data not shown). 

Halaban et al. (1987, 1988) have shown that bFGF 
synthesized by human keratinocytes is mitogenic for 
NHM. We found that in the absence of CT and IBMX, 
NHM underwent one round of cell division in the pres- 
ence of 0.6 ng/ml hrbFGF after 5 days of treatment 
(Fig. 2). Increasing the concentration of hrbFGF from 
0.6 to 6 ng/ml result in a 30-40% increase in prolifera- 
tion (Fig. 2). As noted with TPA, the concomitant pres- 
ence of CT and IBMX greatly augmented the mitogenic 
response to hrbFGF at all the concentrations of hrbFGF 
tested (Fig. 2). We have found that in all the NHM 
strains tested (n = 7), NHM replicated every 24-36 
hours in the presence of 1.2 ng/ml hrbFGF, 20 ng/ml 
CT, and 10' 4 M IBMX. The positive contribution of CT 
and IBMX to the mitogenic effect of bFGF is in agree- 
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TABLE 3. Dose-dependent effect of TP A and hrbFGF on cAMP concentration in NHM 1 



Experiment I-{TPA] (nM) +CT. +1BMX 
0.8 (control) 
8 
80 

Experiment II— {hrbFGFI (r\g/ml) 
-CT, -IBMX 
1.2 (control) 
3.0 
6.0 

+CT, +IBMX 
1.2 (control) 
3.0 
6.0 



pmoicAMP/10* cells 


% of control 


2.63 


100 


4.38 


167 


8.50 


323 


332 


too 


4.13 


108 


4.13 


108 


4.49 


100 


4.50 


100 


4.75 


106 



1 W«Wdi.h- On the following day each «perim«uJ p.ap reived the appropriate tatoent and th. >»e4»weni 
Hs.naed e^othcrday theieaftertora total of6dayn- WhertiDdicat/d.CTand IBM! were added at 20 Dg/ndaad ItT Xl 
^ToS of thV^Dtmtnt period, cAMP waa extracted aa described in Material, and Method, and arasmd 
^^^LmmunM^v klLEach txp^entww reputed thrt* time* srith aimiUr finding Per each groop n - 6-8 and 
SJ^ta^^ For othe. abortion*. a« 

footnote 1 to Table 1. 



TABLE 4. Dose-dependent effects of IBMX and CT on cAMP in NHM grown in medium 

containing 8 nM TP A 1 


Experimental group* 


praol cAMP/10* cells 


94 of control 


-CT, -IBMX (control) 
-IBMX. +20 ng/ml CT 
+10-* M IBMX, +20 ng/ml CT 
+10-* M IBMX, +20 ng/ml CT 
-CT, +10* 4 M IBMX 
+2 ng/ml CT, +10" 4 M IBMX 
+20 ng/ml CT, +-10-* M IBMX 
+200 ng/ml CT, +I0~« M IBMX 


1.50 
1.75 
2.44 
5.25 
2.13 
Z77 
5.25 
438 


100 
117 
163 
350 
142 
185 
350 
292 


^^j™ f„ the above exDerimentifl th« tame a. that for the aspcriaentd»<nbed in TfiWt 3. For each map, o = 6-B 
limiUr undine*. For abbreviation*. «e footnote 1 to Table 1. 


TABLE 5. SWdependeni effects of IBMX and CT on cAMP concentration in NHM grown in the 
nrtftence of 1.2 ng/ml hrbFGP 


Experimental groups 


prool cAMP/10* cells 


% of control 


Experiment I— +20 ng/ml CT 

-IBMX (control) 

+ 10-* M IBMX 

+ I0-*M1BMX 

+ 10"* M IBMX „ 
Experiment H-+10"* M IBMX 

-CT (control) 

+ 2 ng/ml CT 

+ 20 ng/ml CT 

+ 200 ng/ml CT 


3.75 
4.00 
4.00 
4.49 

438 
6.75 
7j63 
650 


100 
107 
1(T7 
120 

100 
118 
156 
133 



lOTLFoi abbreviation., aee footnote 1 UiTabU 1. 



ment with the results reported by Holaban rtj^ C198T> 
whereby dbcAMP was shown to enhance the effect of 
bFGF on NHM proliferation, pne ^Tf^f^' 
tion is that in medium containing hrbFG* , the pres- 
ence of both CT and IBMX was obligatory for enhance- 
ment of proliferation (Table 2). 

We have also measured the effects of TPA, CT. and 
IBMX on tyrosinase activity to determine the effects itf 
these agents on melanogenesis. In the absence of CT 
and IBMX the activity of tyrosinase was higher at 8- or 
80 nM TPA than at 0.8 nM TPA (Fig. 3). This melano- 
genie effect of TPA was previously reported by Hajabu 
It ah (1983). Supplementing the medium .with .20 ngM 
CT and 10" 4 M IBMX greatly augmented the tyrosi- 



nase activity at the three concentrations of TPA toted 
(Fig. 3). This is not surprising, since both CT and IBMX 
are known to be melanogenic to melanoma cells 
(O'Keefe and Cuatrecasas, 1974; Abdel-Malek et aU 
1989). In the presence of CT and IBMX, the stimulatory 
effect of TPA on tyrosinase activity was maximal at 0.8 
nM and gradually diminished when the concentration 
of TPA was increased to 8 and 80 nM (Fig. 3). 

Our results indicate that maximal tyrosinase activ- 
ity was achieved in the presence of 0.8 nM TPA, 20 
ng/ml CT, and 10' 4 M IBMX while near-maximal pro- 
liberation required 8 nM TPA, 20 ng/ml CT, and 10' M 
IBMX (Figs. 1, 3). This finding suggests that stimula- 
tion of the melanogenic pathway requires a lower con- 
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4 nr^nce of CT and IBMX 



Cell 
proliferation 



Tyrosinase 
activity 



cAMP 
concentration 



TPA (a) 
+CT(b) 
+IBMX(b) 
+Cr,+IBMX(c) 
hrbFGF(a) 
+CT(b) 
«BMX(b> 

+IBMX (c) 



+ 
++ 
++ 
+++ 



proliferation of endothelial cells and dendrite forma- 
tion by PC 12 cells by binding to the extrace lular ma- 
trix, in particular to heparin sulfate proteoglycan (Eto- 
gelj et al., 1989). The possibility exists that the 
mitogenic and morphologic effects elicited I by bFGF on 
NHM are mediated by this mechanism. On the other 
hand, deprivation of NHM grown in the presence of 
hrbFGF of CT and IBMX caused them to become bipo- 
lar and to have shorter dendrites (Fig. 5D). It is known 
that agents that increase cAMP also increase the den- 
dricity of normal and malignant melanocytes (Kitano, 
1973- Hirobe, 1978; Marwan et al., 1985). Thus it is not 
surprising that the removal of CT and IBMX would 
have the opposite effect. 

We have investigated the role of cAMP in mediating 
the effects of TPA, hrbFGF, CT, and IBMX on prolifer- 
ation and tyrosinase activity. The interaction between 
TPA CT, and IBMX in the expression of the prohfera- 

L . . . - r , w nr ttHfe ra tive tive and melanogenic capacity of NHM strongly sug- 

centration of TPA than ^^^^^ Proliferation and melanogenesis are ten- 

pathway. Our data shows ^* * ™5 result? in a fated by two signal transduction mechanisms: the PKC 
presence of 20 ng/ml CT and 10 ^^^^^^ a nd the cAMP^KA pathways. TPA is known to bind to 
tyrosinase activity that cannot be fu^er JW™** £ KC> and cho lera toxin and IBMX are known to in- 
& l,experim^ ^ intra cellular cAMP by J^^J^^ 



0 
+ 
+ 
+++ 
±* 
ND 
NT) 



u . „ . y^ny. fibwWwrt growth fecUw. NO. net don*. For 

other abbrrruitiooa. «« 1 toTflW * *• 

SSr^^W^ 4 ***** -* uwduMdaftcr6dayBOf 



Se^ atinvestigating the 

reSa^oro?pigmentation. 

to substitute TPA in the growth medium by hrbFGF .a 
fectorthat resulted in an optimal proliferative rate and 
aT^ same time allowed for further upregulation of 

*^v£^ the effect of hrbFGF on ^ 
nase we found that increasing the concentration of 
hrbFGF above 1.2 ng/ml to 3 and 6 ng/ml resulted ,n a 
d^eplndent decrease in the activity o Una enzyrne 
(Fiz 4) It is unlikely that the effect of hrbFGF on 
tyrosinase activity is due to a dilution of the enzyme 
d^to rapid cellular proliferation, since 1 his de grease 
was also observed in the absence of CT and IBMX, 
whenNHM did not proliferate rapidly (Fig. 2). It is well 
known that one pathway by which tyrosmase activity is 
stimulated involves the activation of PKA by cAMP. It 
has been reported that bFGF can serve as a substrate 
for PKA (Feige and Baird, 1989). One explanation for 
the observed effect of hrbFGF on tyrosinase activity is 
that hrbFGF may act as a substrate for PKA and may 
thus competitively inhibit the 

unidentified protein that may be essential for the atim- 

^£ZZ^*« neither CT nor IBMX alone 
could contribute to the mitogenic effect <> f > rbFG A ^?' 
gests that the additive effect of these agents on cAMP is 
Essential for enhancing proliferation <Tabte 2). We 
have also observed that the presence of IBMX is re- 
quired for increasing tyrosinase activity, and that m its 
absence, CT at 20 ngtal does not have a stimulatory 
efTect (Table 2, experiment I). This finding suggests 
that IBMX may elicit its stimulatory effect on tyrosi- 
nase by a mechanism that is cAMP independent 
(Table 2, experiment 1). . 

We have observed dramatic morphologic changes in- 
duced by increasing the concentration of hrbFGF in the 
culture medium in the concomitant P^nce of CT and 
IBMX Increasing the concentration of hrbt W trom 
1 2 to 3 or 6 ng/ml resulted in increased dendncity 
(Fig 5C) It has been shown that bFGF induces the 



crease iDiratcumoi «-".* TA * ~j 0 " 

clase and inhibiting phosphodiesterase activity, respec- 
tively (Castagna et al., 1982; Enomoto and Gill, 1980; 
Russel and Pasean, 1974). We have observed that in the 
presence of CT and IBMX, TPA increased cAMP con- 
centration in a dose-dependent fashion (Table 3, exper- 
iment I). However, in the absence of the former two 
agents, the stimulatory effect of TPA on cAMP was not 
evident (data not shown). Both CT and IBMX stimu- 
lated cAMP levels dose-dependently (Table 4). The 
TPA-induced increase in cAMP, in the presence of CT 
and IBMX, might represent another example of a posi- 
tive interaction or "cross talk" between the PKC and 
the cAMP/PKA signal transduction pathways, as re- 
ported previously using other cellular systems (Yoshi- 
masa et al., 1987). Our results indicate that TPA, CT, 
and IBMX interact positively to increase cAMP and to 
stimulate both proliferation and tyrosinase activity. 

We have found that increasing hrbFGF from 1.2 to 6 
ng/ml did not result in a remarkable increase in cAMP 
concentration (Table 3, experiment 1). In the presence 
of hrbFGF, a significant increase in cAMP in response 
to IBMX was only evident at 10" 4 M (Table 5, experi- 
ment I). We have also observed that stimulation of 
cAMP formation by CT was measurable after 4 days 
(Table 5, experiment II) and was greatly diminished 
after 6 days of treatment (data not shown). These re- 
sults suggest that in the presence of hrbFGF, IBMX 
may not efficiently inhibit phosphodiesterase activity, 
thus resulting in rapid degradation of cAMP that is 
synthesized in response to CT. 

In summary, our results show that the effects elicited 
by hrbFGF and its means of interaction with CT and 
IBMX difTer from those of TPA (Table 6). While both 
hrbFGF and TPA are mitogenic to NHM, hrbFGF di- 
minishes while TPA increases tyrosinase activity. In a 
medium supplemented with TPA, the addition of either 
CT or IBMX results in increased proliferation, tyrosi- 
nase activity, and cAMP concentration. However, in a 
medium containing hrbFGF, the concomitant presence 
of CT and IBMX is obligatory for the potentiation of 
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proliferation, and the presence of IBMX seems neces- 
sary for the stimulation of tyrosinase activity by CT. In 
the presence of hrbFGF and CT, IBMX does not cause a 
remarkable increase in cAMP level. Moreover, the 
dose-dependent stimulatory effect of CT on cAMP for- 
mation in the presence of hrbFGF and IBMX is evident 
after 4 but not after 6 days of treatment Whether the 
increase in cAMP in NHM is transient, aa reported for 
murine melanoma cells following treatment with 
a-melanocyte stimulating hormone (MSH), remains to 
be determined by measuring the effects of mitogens at 
different time points (Fuller and Viskochil, 1979). The 
differences listed above make it necessary to investi- 
gate the mechanism of action of hrbFGF on NHM. Ba- 
sic FGF is known to activate a tyrosine kinase (Cough- 
lin et al., 1988). Whether this is an alternative 
mechanism by which melanocyte proliferation and mel- 
anization are regulated is still unknown. 

We postulate that cAMP plays a role in modulating 
both proliferation and melanogenesis, since reduction 
of cAMP level (e.g., by removal of CT and IBMX from 
the growth media) diminishes both. Cyclic AMP induc- 
tion alone is not sufficient for melanocyte proliferation. 
Another mechanism by which NHM proliferation 
and/or melanogenesis may be regulated is the PKC/ 
phosphoinositol pathway. It has been reported that ole- 
oylacetyl glycerol (OAG), a synthetic analog of diacyl- 
glycerol that activates PKC, results in increased 
melanogenesis, and that inhibition of PKC abrogates 
this effect (Gordon and Gilchrest, 1989). In our hands, 
OAG is also autogenic to NHM and can replace TP A or 
hrbFGF in the NHM growth medium (unpublished 
data). Thus the role of PKC does not seem to be re- 
stricted to the regulation of melanogenesis. Whether 
activation of PKC or its downregulation by chronic ex- 
posure to TPA takes place in NHM remains to be deter- 
mined. Also, the possible preferential expression of dif- 
ferent PKC species and the status of PKA activation 
under different culture conditions needs to be exam- 
ined. 
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Abstract In this study, we describe the activation of melano- 
genesis by selective vacuolar type H + -ATPase inhibitors 
(baftlomycin At and concanamycin A) in amelanotic human 
and mouse melanoma cells which express tyrosinase but show no 
melanogenesis. Addition of the inhibitors activated tyrosinase 
within 4 h, and by 24 h the cells contained measurable amounts 
of melanin. These effects were not inhibited by cycloheximide 
(2 Hg/ml) which is consistent with a post-translational mechanism 
of activation. Our findings suggest that mclanosomal pH could 
be an important and dynamic factor in the control of 
melanogenesis in mammalian cells. © 2000 Federation of 
European Biochemical Societies. Published by Elsevier Science 
B.V. All rights reserved. 

Key words: Melanogenesis; Tyrosinase activation; 
Melanosomal pH 



I. Introduction 

Melanin production by mammalian pigment cells is a pro- 
cess involving a series of complex cellular events. Despite the 
recent cloning and characterisation of several enzymes and 
structural proteins (tyrosinase, tyrosinase- related proteins 
type 1 and 2 (TRP-1 and -2), silver locus 100 kDa protein 
(GplOO), melanoma-associated antigen recognised by T cells 
(MART)) that are involved in the synthesis of melanin [1], our 
understanding of this process and its regulation is still far 
from clear. The copper containing metalloenzyme tyrosinase 
(EC 1.14.18.1) which is specific to melanocytes and catalyses 
the initial steps in the melanogenesis pathway is considered to 
be the rate limiting enzyme for melanin synthesis. Its absence, 
as occurs in the hypopigmentary disorder tyrosinase negative 
albinism, results in a complete absence of melanin. 

As the key determinant for melanin synthesis, tyrosinase is 
under a sophisticated control by transcriptional and transla- 
tional mechanisms. Recently, there has been interest in the 
role of post-translational events in the regulation of tyrosinase 
activity [2-5]. It is recognised that variations in tyrosinase 
activity in different pigment cells cannot be explained on the 
basis of enzyme abundance [6], For instance, amelanotic and 
pigmented subclones of melanoma cells can have similar levels 
of tyrosinase protein [7] and the same has been reported for 
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melanocytes from light Caucasian and black skin [8]. Further- 
more, it has been shown that the stimulation of tyrosinase 
activity and melanin synthesis occurs faster in cytoplasts 
than in nucleated cells [9]. These results suggest that in 
some pigment cells tyrosinase is present in a catalytically in- 
active state and that its activation could be an important 
control point for melanin synthesis. 

Melanin production takes place within specialised intracel- 
lular organelles known as melanosomes. Since catalytic do- 
mains of tyrosinase are located on the inner side of the mel- 
anosomal membrane, its activity could be dependent upon the 
melanosomal environment. There is evidence that melano- 
somes are closely related to lysosomes. For instance, both 
organelles contain the same structural proteins (e.g. lyso- 
some-associated membrane protein, acidic hydrolases, vacuo- 
lar type proton pumps) [10,1 1] and both are affected in genetic 
disorders such as the Chediak-Higashi and Hermansky-Pu- 
dlak syndromes [12,13]. More recently, it has been suggested 
that the melanosome is accessible to endosomal transport and 
represents a highly specialised lysosome rather than a com- 
pletely unique structure [14,15]. This hypothesis is supported 
by studies which have shown that when human diploid fibro- 
blasts are transfected with tyrosinase and TRP-1, the enzymes 
co-localise in lysosomes and melanogenesis occurs [16,17]. 

There are several reports that melanosomes are acidic or- 
ganelles and when mature can have a pH as low as 4.0 [18,19], 
It has been assumed that this low melanosomal pH facilitates 
melanogenesis [20-22], However, this is not consistent with 
the finding that mammalian tyrosinase has optimal enzymatic 
activity at neutral pH [26-28] and shows little activity at 
pH < 5. On the contrary, there are reports that agents which 
raise lysosomal pH can increase tyrosinase activity. Thus in- 
creases in tyrosinase activity have been reported in pigmented 
mouse B16 melanoma cells in response to 10 mM NH 4 C1 and 
the proton/metal ion exchanging ionophores, nigericin and 
monensin [26,27]. This stimulatory activity occurred in intact 
melanoma cells but not cell lysates, emphasising the impor- 
tance of intact intracellular membranes. It was proposed that 
an elevation of melanosomal pH could be responsible for the 
increase in tyrosinase activity, although other possibilities 
were not excluded. Ammonium chloride has been shown to 
inhibit degradation of tyrosinase and increase its half-life by 
3-fold [28], and ionophores could act by the facilitating ex- 
change of univalent metal ions. 

The purpose of this study was to investigate the effect of 
increasing melanosomal pH on melanogenesis. It has been 
shown that the selective vacuolar type H + -ATPase inhibitors 
bafilomycin Al (BafAl) and concanamycin A that target 
acidic intracellular compartment pH [29,30] are effective in 
increasing pH in these compartments in melanocytic cells 
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300 bp 



Fig. 1. RT-PCR for human and mouse tyrosinase mRNA. Human 
melanocytes (positive control), lane I; BI6-G4F. lane 2; FM3, lane 
3; FM57, lane 4; FM81. lane 5; 100 bp 'ladder* MW marker, lane 
M. 



(N. Smit, personal communication). In the present study, we 
examined the effects of BafA I and concanamycin A in ame- 
lanotic but tyrosinase positive melanoma cells. 



2.3. Tyrosinase activity 

Tyrosinase activity was assayed by measuring the production of 
radioactive water from tritiated L-lyrosine as described [26]. Briefly, 
L-[3.5- 3 HJtyrosine (46 Ci/mmol, from Amersham) was diluted in cell' 
culture medium to produce a final concentration of 5 uCi of i-[3,5- 
J H]tyrosine per ml. Cells were returned to incubator and 200 ul ali- 
quots of medium were collected after periods of 4, 8 and 24 h. Protein 
was precipitated by adding 200 ul of 15% (w/v) trichloroacetic acid, 
and the supernatant treated with 50 mg of Norit A charcoal slurry to 
remove labeled tyrosine. 

2.4. Melanin and protein assays 

The amount of melanin was assayed by dissolving a washed cell 
pellet directly in I ml of Soluene 350 (Packard Instruments) and in- 
cubating the samples for 2 h at 60°C. Synthetic melanin (Sigma) was 
used to construct a standard curve for the range of 1-50 ug of mel- 
anin per ml of Soluene 350. Melanin absorbance was measured at 
475 nm wavelength. Protein concentrations were determined with an 
assay kit, based on the Lowry assay (Bio-Rad). 



3. Results 



2. Materials and methods 

2. i. Cells and cell cultures 

Human melanoma cell lines FM3, FM57 and FM81 established 
from metastatic melanoma nodules were gifts from Dr A.F. Kirkin. 
The amelanotic mouse B16-G4F line was a gift from Prof. A. Eberle. 
Melanoma cells were cultured in RPMI 1640 medium supplemented 
with foetal bovine serum (10%). BafA I and cycloheximide were ob- 
tained from Sigma, geneticin (G418) from Gibco BRL and concana- 
mycin A from Calbiochem. 

2.2. Reverse transcription (RT)-PCR 

Total RNA was isolated using TR1 Reagent (Sigma). The quality of 
RNA was tested by the A 2 m/Auq ratio and 1.5% agarose gel electro- 
phoresis. cDNA synthesis was performed with MoMLV reverse tran- 
scription kit (Fermentas) following the manufacturer's instruction us- 
ing approximately 1 ug of total RNA and 500 pmol of oligo(dT, 6 ) 
primers in 20 pi of reaction mixture. I ul of cDNA was used for PCR 
amplification in 50 ul of reaction mixture containing: 1 x PCR buffer 
(50 mM KCI. 20 mM Tris pH 8.4), 2.5 mM MgCI 2 , 10 pmol of each 
primer, 200 uM dNTP (Fermentas) and 1.0 U of recombinant Taq 
polymerase (Fermentas). The parameters used for the 'touch down' 
amplification were initially 10 cycles of 94*C for 30 s, 65°C (decreas- 
ing 0.5°C per cycle) for 30 s and 72°C for I min followed by 25 cycles 
with the annealing temperature of 60°C. Primers specific for 284 bp 
fragment of human and mouse tyrosinase were used (forward* 
TTGGC A G ATTGTCTGT A GCC ; reverse: AGGCATTGTGCATG- 
CTGCTT). The following primers were used to test human melanoma 
lines only: 792 bp fragment of TRP-I (forward: CACAAAGAG- 
CTGCAAACC. reverse: AGGAAGGGAGAAAGAAGG); 873 bp 
fragment of TRP-2 (forward: CCCT AC ATCCT A CG A A A CC , re- 
verse: TTG AGA ATCCAG A GTCCQ ; primers specific for GplOO 
and MART were used as described [31]. 



3.1. Cell characterisation by RT-PCR 

Both the B16-G4F and FM3 melanoma cells were found to 
express tyrosinase mRNA. Although the FM57 and FM81 
melanoma cells expressed melanocyte markers GplOO, 
MART, TRP-1 and TRP-2, they showed no detectable ex- 
pression of the tyrosinase gene (Fig. I). The FM3 melanoma 
cells also expressed GplOO, MART and TRP-2 but no TRP-1. 

3.2. Tyrosinase activity and melanin 

The levels of tyrosinase activity in FM3 and B16-G4F cells 
were found to be almost undetectable under control condi- 
tions. The FM57 and FM81 melanoma cells that were in- 
cluded as controls contained no tyrosinase activity. No mela- 
nin was detected in any of melanoma lines under control 
conditions. 

BafA I and concanamycin A produced dose-related in- 
creases in tyrosinase activity in the tyrosinase positive cell 
lines FM3 and BI6-G4F and as seen in Fig. 2, concanamycin 
A was the more potent of the two compounds. This order of 
potency correlates with their respective binding affinities to 
vacuolar type H + -ATPase (Calbiochem general catalogue, 
2000). Concentrations of both compounds in excess of 
20 nM were cytotoxic (data not shown). Submaximal concen- 
trations of 3 nM concanamycin A and 10 nM BafAl were 
therefore used in all subsequent experiments and as shown in 
Fig. 2, these concentrations have similar potencies in stimulat- 
ing tyrosinase activity. In response to 10 nM BafAl and 3 nM 
concanamycin A, cell lines showed a rapid and statistically 
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Fig. 2. Effect of vacuolar type H + -ATPase inhibitors on tyrosinase activity in FM3 (A) and B16-G4F (B) cells. The cells were incubated for 
24 h with varying concentrations of concanamycin A (O) and BafAl (•). Doses higher than 20 nM were toxic for cells. 
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Fig. 3. Time course of tyrosinase activation by vacuolar type H*-ATPase inhibitors in FM3 (A) and B16-G4F cells (B). The cells were incu- 
bated for the indicated periods with: (a) complete medium (control); (O) 3 nM concanamycin A; (•) I0 nM BafAl. 



significant increase in tyrosinase activity which lasted for the 
24 h duration of the experiment (Fig. 3). At this time, the cell 
pellets were visibly darker and contained measurable amounts 
of melanin (Fig. 4). The protein synthesis inhibitor cyclohex- 
imide (2 jig/ml) had no effect on these increases in tyrosinase 
activity (Fig. 5) and melanin (data not shown). Incubation of 
the cells with a high dose of cycloheximide (10 pg/ml) alone or 
the cell cycle arresting agent geneticin (200 ug/rnl) failed to 
induce tyrosinase activity and melanin production (data not 
shown). 

Incubation of the tyrosinase negative FM57 and FM81 
melanoma cells with the same concentrations of BafAl and 
concanamycin A produced no detectable amounts of 
[ 3 H]water or melanin. 

4. Discussion 

A number of studies have suggested that tyrosinase in pig- 
ment cells does not necessarily exist in a catalytically optimal 
state (6,32). There have also been several reports that activa- 
tion of this enzyme can occur independently of increases in its 
synthesis [5,33]. In the present study, the amelanotic, but ty- 
rosinase positive, FM3 and B16-G4F melanoma cells were 
found to contain almost undetectable levels of tyrosinase ac- 
tivity and intracellular melanin was absent. However, in re- 
sponse to BafAl and concanamycin A, there was a rapid 
increase in tyrosinase activity followed by melanin produc- 
tion. The levels of melanin production and tyrosinase activity 



in the FM3 and B16-G4F cells in response to BafAl and 
concanamycin A were comparable to those that we observe 
in pigmented human melanocytes and B16-F1 mouse melano- 
ma cells, respectively. A high dose of cycloheximide and a cell 
cycle arresting concentration of geneticin had no effect on 
melanogenesis, eliminating the possibility that the increases 
in melanogenesis were associated with non-specific cytostatic 
effects of BafAl and concanamycin A. The fact that the mel- 
anogenesis response was not abolished by cycloheximide 
makes it unlikely that tyrosinase abundance was increased 
and points towards an activation of pre-existing enzyme. A 
non-genomic mechanism is therefore implicated and this is 
consistent with the rapid kinetics of tyrosinase activation. 
Thus our findings support the view that under normal con- 
ditions FM3 and BI6-G4F melanoma cells contain tyrosinase 
but because this is inactive, melanin synthesis is suppressed 
and the cells exhibit an amelanotic phenotype. However, in 
response to the vacuolar type proton pump inhibitors which 
induce an increase in the pH of acidic intracellular compart- 
ments, tyrosinase is activated and melanin production initi- 
ated. 

It has previously been reported that tyrosinase activity in 
vitro is minimal at pH < 5 and that the enzyme is irreversibly 
inactivated at a pH lower than 4 [23-25]. However, as the pH 
rises, tyrosinase activity increases, reaching a maximal level at 
near pH 7.0. This range of proton concentration (pH 5.0-7.0) 
corresponds well with the variations of pH inside organelles of 
the endosomal/lysosomal pathway that are created and main- 
tained by proton pumps. As melanosomes are closely related 




Fig. 4. Melanin production in response to vacuolar type H + -ATPase 
inhibitors. Cells were collected after 24 h incubation in complete 
medium (open bar) containing 3 nM concanamycin A (striped bar) 
or 10 nM BafAl (closed bar). The control values are below the level 
of assay sensitivity ( < 0.5 ug/mg of protein). 




control cyclonexinriide 



Fig. 5. Effect of cycloheximide on tyrosinase activation by vacuolar 
type H + -ATPase inhibitors in FM3 cells. Cells were incubated for 
24 h in complete medium (open bar) containing 3 nM concanamy- 
cin A (striped bar) or 10 nM BafAl (closed bar) with or without 
cycloheximide (2 ug/ml). 
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to this group of acidic organelles, it is possible that they show 
similar variations of pH and this could have physiological 
importance for melanogenesis through a non-genomic control 
of tyrosinase activity. H is of interest that cyclic AMP, which 
has been reported to increase lysosomal pH [34], is a well- 
recognised stimulator of melanogenesis. Melanogenesis also 
occurs in response to ultraviolet (UV) irradiation and in- 
creases have been observed in melanoma cells as early as I- 
3 h after UV irradiation [35]. The speed of this response 
would suggest that non-genomic mechanism operates before 
de novo synthesis of tyrosinase occurs. Whether this rapid 
increase in melanin synthesis in response to UV is induced 
by a change in melanosoma! pH remains to be investigated. 
Nevertheless, our results would suggest that melanosomal pH 
could function as a 'control switch* providing pigment cells 
with a fast and dynamic regulatory mechanism for melano- 
genesis. 
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INDUCTION OF PIGMENTATION IN MOUSE FIBROBLASTS 
BY EXPRESSION OF HUMAN TYROSINASE cDNA 



By BRIGITTE BOUCHARD, BRYAN B. FULLER/ 
SETALURI VIJAYASARADHI, and ALAN N. HOUGHTON 

Fwm the Memorial Sloan- Kettering Cancer Center, New York, New York 10021; 
and *The University of Oklahoma Health Sciences Center, 
Oklahoma City, Oklahoma 73190 

Cells of the melanocyte lineage are distinguished by their capacity to synthesize 
the pigment melanin. Production of melanin is primarily regulated by the enzyme 
tyrosinase (monophenol, 3,4-dihydroxyphenylalanine: oxygen oxidoreductase, EC 
1.14.18.1), and it is presumed that melanin synthesis can be regulated at a number 
of levels that control both the amount of melanin synthesized and the type of melanin 
produced. Melanin synthesis occurs principally in specialized organelles, the melano- 
somes. Thus, the synthesis of melanin is usually restricted to melanocytic cells that 
contain melanosomes. 

In this report, we describe isolation of a full-length cDNA clone encoding human 
tyrosinase by using a probe homologous to the Pmel 34 cDNA sequence described 
by Kwon et al. (1). We have transfected and expressed this new human tyrosinase 
cDNA clone in mouse fibroblasts, and have induced pigmentation in a cell type that 
does not normally synthesize melanin. Levels of tyrosinase activity in transfected 
fibroblasts were equivalent to tyrosinase levels in highly pigmented human mela- 
noma cell lines. These ryrosinase-positive fibroblast cell lines demonstrate that melanin 
synthesis can take place in cells that do not have melanosomes and, therefore, pro- 
vide a tool for studying the regulation, transport, and processing of tyrosinase. 

Materials and Methods 

Cell Culture and Cell Lines. Melanoma cell lines were established as previously described 
(2). TK" L929 cells (mouse fibroblasts) (3) were used for transfection experiments. Cell lines 
were maintained in Eagle's MEM supplemented with 2 mM glutamine, 0.1 mM nonessential 
amino acids (aa) 1 , 100 U/rnl penicillin, 0.1 mg/ml streptomycin, and 10% FCS (complete 
medium). Cells were passaged with trypsin (1 mg/ml) and EDTA (0.2 mg/ml). All cultures 
were checked regularly for the presence of mycoplasma and contaminated cultures were dis- 
carded. 

EM. Cell pellets were fixed in Karnofsky's fixative overnight, rinsed in PBS for 1 h, and 
then post-fixed for 1 h in 1% osmium tetroxide-PBS solution. Cell pellets were dehydrated 
in graded ethyl alcohol followed by propylene oxide, and embedded in Maraglas-D.E.R. 732 
epoxy resin (Dow Corning Corp., Midland, MI). For orientation, thick sections were 
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stained with borate-buffered 1% toluidine blue. Thin sections were stained with urany) ace- 
tate followed by lead citrate and were examined with an electron microscope (410 LS; Phillips 
Electronic Instruments, Inc., Mahwah, NJ). 

cDNA Library and Screening. A cDNA library was constructed from 3 /ig of poly(A)* 
selected mRNA (4) prepared from the human melanotic melanoma cell line SK-MEL-19 (2). 
Full-length cDNA was synthesized, rendered blunt ended using Klenow enyzme, and tailed with 
Eco RI linkers (New England Biolabs, Inc., Beverly, MA) (5). The cDNA was then size fraction- 
ated on Ultrogel Aca 34 (Pharmacia Fine Chemicals, Piscataway, NJ) (6). cDNA molecules 
>800 bp were used to construct a library of 3 x 10* recombinants in the A phage vector gtlO 
(7). For screening, a 50-base oligonucleotide probe (50-mer, shown below) based on the 5' 
terminal coding region of the human tyrosinase Pmel 34 cDNA clone (1) was used- 5' 
GTTCTTAGAGGAGAGACAGGCTCTAGGGAAAATGGCCAGCGGAGGTCTGGA 3'. 

The oligonucleotide was synthesized on a DNA synthesizer (310 A; Applied Biosystems, 
Inc., Foster City, CA). The probe was end labeled with 7-["P]ATP and T4 polynucleotide 
kinase (4). Prehybridization and hybridization were carried out at 48°C for 4 and 18 h, respec- 
tively, in 6x NaCl/EEJTA/Tris (NET) (1 x NET is 0.15 M NaCl, 1 mM EDTA, and 15 mM 
Tris-HCJ, pH 8), 0.1% SDS, and 5x Denhardt's solution (0.1% BSA, 0.1% Ficoll 400, 0.1% 
polyvinylpyrrolidone), and 100 pg/jnl of denatured salmon sperm DNA. Duplicate niters 
were washed in 6x NET, 0.1% SDS at room temperature, followed by stringent washes at 
55°C and 60°C. The filters were then autoradiographed for 4 h at -70°C. 

DNA Sequencing. Plaque-purified phage DNA was restricted with Eco RI, and cDNA in- 
serts were subcloned into the plasmid vector pUC 18 (8). Recombinant plasmids and deletion 
subclones subsequently obtained by digestion with exonudease III/Mung Bean nuclease (9) 
were sequenced by the dideoxy nucleotide chain termination method (10). 

Northern Blot Analysis. Poly (A)*-raRNA (4 fig) was fractionated on 1% formaldehyde de- 
naturing agarose gels (4), transferred to Gene Screen Plus membranes (New England Nu- 
clear, Boston, MA), and hybridized to a 32 P-labeIed cDNA probe. The fillers were washed 
twice at room temperature in 2 x SSC (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate, 
pH 7) and 1% SDS> then stringent washes were carried out at 55 °C in 1 x SSC, 1% SDS, 
and at 65°C in 0.1 x SSC, 1% SDS> for 15 min each. 

Transfcction Experiments. The cDNA inserts were subcloned into the Eco RI site of the ex- 
pression vector pcEXV-3, which allows expression of cDNA under the control of SV40 early 
region promoter and enhancer sequences (11). Expression plasmids containing cDNA inserts 
in opposite orientations (5r^3'or y^-V) were constructed. Sense and antisense oriented plasmids 
were designated pcTYR and -jkTYvV, respectively. L929 cells were cotransfected by the cal- 
cium phosphate precipitatiottiechnique (12) with pUC 18, pcTYW or pcTYR, the pSV2 neo 
plasmid, and high molecular weight carrier DNA from L929 cells. Selection of transfectants 
was started on day 3! after tcahsfection with 1 mg/ml of the antibiotic G418 (Sigma Chemical 
Co., St. Louis, Mp). ; C£rnpIete medium with G418 was replaced every 3 d, and colonies ap- 
pearing on days 10-14 were isolated using cloning rings and were then expanded. The mouse 
origin of transfetted cell lines was confirmed by positive anti- mouse Ig mixed hemadsorption 
assays twjng/H 100-5 R28, an mAb directed against H-2K k (mouse MHC dass I antigens) 
(13), and lack of reactivity with mAb M3-68 (14) or AJ2 (15), which recognize virtually all 
human melanoma cells but not L929 cells (data not shown). 

Serological Reagents and Assays. CF21 (IgGl) and TA99 (IgG2a) are mAbs, which have been 
previously described (16), that recognize distinct antigens in human melanosomes. The mAb 
2G10 (IgG2a) (17) was a generous gift from Dr. P. G. Natali, (Regina Elena Cancer Institute, 
Rome, Italy). This antibody recognizes a 75-kD intracellular glycoprotein of pigmented mela- 
notic cells (17). mAb AJ2 (IgGl) recognizes the 0 subunit of human integrin molecules (15, 
18). Rabbit antityrosinase antiserum was raised by immunization with purified mouse 
tyrosinase (19). Briefly, tyrosinase was purified by DEAE ion exchange chromatography fol- 
lowed by sequential discontinuous PAGE. The anti-mouse Ig hemadsorption assays and the 
indirect immunofluorescence studies were performed as described (2, 20). 

immunoprecipitations. Cells were labeled with "S- methionine (ICN Radiochemicals, Ir- 
vine, CA) for 16 h in methionine- free complete medium containing 2% dialyzed FCS> and 
lysed in 50 mM Tris, 5 mM EDTA, 0.5% NP-40, 1 mM PMSK The lysates were precleared 
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twice by incubation with 5 /tg/ml of protein A-Sepharose (Pharmacia Fine Chemicals) for 
30 min at 4°C. Immunoprecipitations were performed by incubating the lysates with anti- 
bodies, followed by addition of protein A-Sepharose. The immunoprecipitatea were exten- 
sively washed and analyzed for molecular size by SDJVPAGE (21) under reducing conditions. 

Tyrosinase Activity and Melanin Assays. CeDs were solubilizcd in PBS, 1% NP-40, pH 6.8, 
and centrifuged to obtain clear supernatants. Tyrosine hydroxylase activity was assayed using 
a modification of the method described by Pomerantz(22). Briefiy, the reaction mixture con- 
tained 1 MCi/ml [ s H)tyrosine (54.2 Ci/mMol) in PBS, 1% NP-40, 0.1 mM L-tyrosine, and 
0.1 mM L-dihydroxyphcnylalanine (l-DOPA). The reaction was carried out at 37°C for 1 h, 
and terminated by addition of 0.2 ml of a charcoal suspension (100 mg/ml in 0.1 M citric 
acid). After 30 min on ice, the samples were centrifuged and an aliquot was counted in a 
scintillation counter (LS 9000; Beckman Instruments, Inc., Fullerton, CA). All assays were 
performed in duplicate. Controls included s HjO release measured in lysates from the human 
renal carcinoma cell line SK-RC-7 and reaction mixture in PB$ 1% NP-40 alone. Specific 
tyrosinase activity was calculated as follows: ( 3 H 2 0 release by test cell lysatc) - ('HjO re- 
lease by control reaction mixture in PBS). Protein concentrations were determined by the 
Bradford's dye binding method using the Protein Assay Kit (Bio-Rad Laboratories, Rich- 
mond, CA). For melanin assays, 3 x 10 6 cells were solubilized in 0.5 ml Protosol (New En- 
gland Nuclear) and kept on ice for 2 h. An absorption baseline was established using Pro- 
tosol, and absorption spectra for cell extracts were determined between 320 and 450 nm and 
compared against a melanin control, 100 pg/ml, in Protosol. 

Results 

Isolation and Sequencing of the cDNA Clone BBTY-L cDNA clones were isolated from 
a X gtlO library derived from the pigmented human melanoma cell line SK-MEL-19 
(see Materials and Methods). 10 5 recombinant cDNA clones were screened and four 
reactive clones were plaque purified. The four cDNA inserts were subcloned into 
the plasmid vector pUC 18 and clones were designated pBBTY-1, -2, -3, and -4. 
Two clones, pBBTY-1 and pBBTY-2, each containing cDNA inserts of 2 kb, had 
restriction maps identical to each other and to that of Pmel 34, reported by Kwon 
et al. (1) (digested with Bgl II, Hpa II, Msp I, Nco I, Pvu II, and Taq I). The cDNA 
inserts in clones pBBTY-3 and pBBTY-4 were 1.7 and 1.8 kb, respectively. The re- 
striction map of pBBTY-3 was different from those of pBBTY-1 and pBBTY-2 down- 
stream of position 960 (a Pvu II restriction site). pBBTY-1 was subsequently sequenced 
and used for further experiments. 

The nucleotide sequence of BBTY-1 (Fig. 1) contained a single open reading frame 
of 1,593 residues capable of encoding a 531-aa polypeptide with a derived molecular 
mass of 60.37 kD. A leader peptide of 19 aa was assigned to positions -19 through 
-1 (23). The processed core protein was predicted to have a molecular mass of 58.11 
kD. Seven potential //-glycosylation signals (Asn-X-Ser/Thr) were predicted at posi- 
tions 69, 94, 144, 213, 273, 320, and 354. Based on a hydrophobicity plot, according 
to the method of Kyte and Doolittle (24), a transmembrane region was predicted 
within a highly hydrophobic domain between aa positions 470 and 490. There was 
a 318 base 3' noncoding region that contained an atypical polyadenylation signal, 
AATTAAA (25). The nucleotide and aa sequences of BBTY-1 were nearly identical 
to the sequence of the Pmel 34 cDNA. (1). However, BBTY-1 contained an addi- 
tional upstream 5' sequence, including a potential initiation codon not present in 
Pmel 34 (bases 1-7). There were also differences in the predicted aa sequence of 
BBTY-1 at positions 25-28, 162, 291, 356-361, 385, 478, and 503-512. The predicted 
molecular size of the processed protein coded by BBTY-1 was smaller than the processed 
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1628 CTGACCT CACTCTAACTCAAA6TMT6TCCAGGTTCCDLCAGAATAIC TCC T G61 AT IT T TCTGTAAAGACCAT T T CCA 

1T07 AAATTCTAACCTAATACAAACTGTAGOTTCTTCCAAnCACCTA 

1786 ACCXCTTTTAACATTTTCXCCTAACCSOLTATGTnAA 

1863 GT GAATT AAAQ TGCT CTTAT1T TAAAAAA 

Figure I. Nucleotide and predicted amino acid sequence of BBTY-1 cDNA. The nucleotide 
sequence is numbered in the 5' to 3' direction. Residues of a predicted signal peptide are indicated 
by negative numbers, and a cleavage site by a vertical arrow. Termination site (TAA) and polyad- 
enylation signal (1869-1875) are underlined. Potential glycosylation sites are designated by dashed 
lines. These sequence data have been submitted to the EMBL/GenBank Data Libraries under 
the accession number Y00819. 
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protein predicted from Pmel 34 (62.16 kD). Based on this sequence analysis, BBTY- 
1 was a candidate for a full-length cDNA done encompassing a complete coding region. 

Transcription of BBTY-1 in Human Melanoma Celts, BBTY-1 cDNA was used to de- 
tect mRNA transcripts in Northern blot analysis of a panel of melanoma cell lines, 
including those known to express tyrosinase activity as well as tyrosinase-negative 
melanomas. The major transcript detected was 2.4 kb, but a weaker signal was seen 
at 4.7 kb (Fig. 2). Three groups of melanomas were observed based on Northern 
blot analysis using poly (A) + -selected RNA (data not shown), {a) mRNA was de- 
tected in nine pigmented melanomas that express tyrosinase activity; (b) no mRNA 
was detected in five nonpigmented, tyrosinase-negative melanomas; and (c) mRNA 
was detected in three nonpigmented, tyrosinase-negative melanomas. There was little 
or no difference in the intensity of mRNA signal detected in group c vs. a. No tran- 
script was detected in mRNA from the B cell lymphoma cell line Daudi or from 
the T cell leukemia cell line HUT-78. 

Melanin Synthesis in L929 Cells Transfected with BBTY-1. BBTY-1 was transfected 
into L929 mouse fibroblasts using the expression vector pcEXV-3 (11). L929 cells 
transfected with pcTYR (sense orientation) were designated LpcTYR. Control cells 
transfected with pcTYW (antisense orientation) were designated LpcTYW, and, with 
the plasmid pUC 18, were designated LpC. LpcTYR cells contained pigment, while 
no pigmentation was detected in LpcTYW, LpC, or untransfected L929 cells. As 
shown in Fig. 3, the cell pellets of LpcTYR clones were dark brown in contrast to 
the nonpigmented pellets of LpcTYW and LpC cultures. 

Cell pellets of LpcTYR were more deeply pigmented when cultures were harvested 
at confluency. LpcTYR clones have continued to produce pigment for >5 mo in con- 
tinuous culture. Tb confirm that the pigment in LpcTYR has the characteristics of 
melanin, absorption spectra of cell extracts from LpcTYR and control L929 cells 
were compared with those of extracts of the pigmented melanoma cell line SK-MEL-19 
and purified melanin. LpcTYR and SK-MEL-19 extracts and melanin had identical 
patterns of absorption, with broad absorption from 360 to >450 nm; this absorption 
pattern was not observed with L929 cell extracts (data not shown). The absorption 
patterns by extracts of LpcTYR and SK-MEL-19 and melanin standard were iden- 
tical to the previously described absorption spectra for melanin (26). 
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Figure 2. Northern blot analysis of poly (A)* -selected RNA (4 jig/ 
lane) from two pigmented melanoma cell lines that express tyrosinase 
and the & cell lymphoma cell line Daudi. The blofwas hybridized with 
the 32 P-labeled insert of pBBTY-1. Lanes J, SK-MEL-23 melanoma; lane 
2, SK-MEL-19 melanoma; lane 3, Daudi. 
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Ficure 3. Cell pellets of L929 cells transfected with sense BBTV-i (LpcTYR eel) line), amisense 
BBTY-1 (LpcTYW cell line), or pUC 18 plasmid (LpC cell line). LpcTYR and LpcTYW cell 
lines were transfected with BBTY-l-insened sense or antisense into the expression vector pcEX V3. 
LpcTYR-1 and LpcTYR-2 are subclones of LpcTYR. (J) LpC cell pellet (nonpigmented); (2) 
LpcTYW (nonpigmented); (3) LpcTYR-1 (pigmented); and (4) LpcTYR-2 (pigmented). 



SmalJ clusters of cell containing dark cytoplasmic inclusions were observed 
throughout the LpcTYR culture by light microscopy (Fig. 4). These clusters of cells 
always comprised a minority of the culture population. Occasional black round cells 
were detected floating in the tissue culture medium, perhaps related to cytostatic 
or cytotoxic effects of melanin by-products, and the prevalence of these cells increased 
as the culture reached confluency. Transmission EM revealed that LpcTYR cells, 
but not control LpC cells, had cytoplasmic membrane -bound vesicles (Fig. 5) con- 
taining electron-dense material consistent with melanin. There was no evidence of 
melanosomal structural elements within LpcTYR cells or LpC cells. 

Tyrosinase Activity in L929 Cells Expressing BBTY-L To confirm that the BBTY-1 
product was human tyrosinase, tyrosine hydroxylase activity was measured in pro- 
tein extracts of subclones of LpcTYR, LpcTYW, and LpC. Cell extracts from two 
subclones of LpcTYR, designated LpcTTR-l and LpcTYR-2, expressed levels of 
tyrosinase activity that were comparable with levels in the pigmented human mela- 
noma cell line SK-MEL-19 (Fig. 6). In contrast, extracts of LpcTYW and LpC con- 
tained no detectable tyrosinase activity. 

Analysis of Expression of Melanosomal Antigens in LpcTYR Cells, LpcTYR-2, SK-MEL- 
19 melanoma cells, and control L929 cells were metabolically labeled with 35 S- me- 
thionine and cell extracts were immunoprecipitated with rabbit antityrosinase anti- 
serum or mAb TA99 (which detects the melanosomal antigen gp75). In addition, 
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Figure 4. LpcTYR cells in culture A nest of cells in the middle of the field contains large, 
pigmented cytoplasmic granules. (x320). 



mAb 2G10 (from Dr Pier Natali, Regina Elena Institute Rome), which is also directed 
against an intracellular 75-kD antigen expressed by pigmented melanoma cells (17), was 
tested. Antityrosinase antiserum detected a 75-kD protein in LpcTYR-2 cells and a 
protein of the same size in SK-MEL-19 melanoma ceDs (Fig. 7). The molecular size 




Figure 5. Transmission electron micrographs of segments of LpcTYR cells. (A) Cytoplasmic 
membrane-bound vesicles containing electron -dense material are indicated by arrows. One scale 
bar represents 1 jim. ( x 8,400). (B) Higher magnification field of a cytoplasmic membrane -bound 
vesicle containing pigment. One scale bar represents 1 pm. (x 16,800). 
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Figure 6. Expression of tyrosi- 
nase activity in cell extracts from: 
SK-MEL 19 melanoma; Lpc cells 
(transfeaed with pUC 18 plasm id); 
LpcTYR-1 cells (transfected with a 
BBTY-1 sense construct); LpcTYR- 
2 cells (transfected with a BBTYl 
sense construct); and LpcTYW cells 
(transfected with a BBTY-1 anti- 
sense construa). Tyrosine hydrox- 
ylase activity is expressed as cpm 
^HjO/min/mg protein (□) or cpm 
3 H 2 0/min/5 x 10* cells (Q). 
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Figure 7. Immunoprecipita- 
tion of ly sates from J5 S- me- 
thionine metabolicaJly labeled 
SK-MEL-19 melanoma cells, 
LpcTYR-2 cells expressing 
BBTY-1, and L929 cells. Lane 
/, mAb TA99; lane 2 y mAb 
2G10; lane 3, control rabbit 
sera; and lane I, rabbit anti- 
tyrosinase anliscra. A 75-kD 
band is detected in SK-MEL- 
19 (with TA99, 2G10, and anti- 
tyrosinase) and LpcTYR- 2 cells 
(with antityrosinase). Molec- 
ular weight standards: Myosin 
M chain (200 kD); phosphory- 
lase (96 kD); BSA (68 kD); and 
OVA (43 kD). 



of tyrosinase in LpcTYR-2 and SK-MEL-19 cells corresponded to the size of gly- 
cosylated tyrosinase. A very faint band at ~75 kD was inconsistendy detected in 
L929 cells with antityrosinase antiserum; this likely represents a crossreaction of 
polyclonal sera to a nontyrosinase molecule in L929 cells, since no tyrosinase activity 
or tyrosinase transcript was detected in these cells and cold lysates from L929 cells 
did not block immunoprecipitation of tyrosinase from LpcTYR-2 (data not shown). 

No specific bands were detected by either mAb TA99 or mAb 2G10 in LpcTYR-2 
extracts, although both antibodies precipitated a broad 75-kD band from melanoma 
SK-MEL-19 lysates. These results were confirmed using immunofluorescence assays. 
Neither mAb TA99 nor 2G10 stained LpcTYR cells but both reacted with SK-MEL-19 
cells (Fig. 8). In addition, mAb CF21, directed against a melanosomal antigen of 
unknown molecular size, did not react with LpcTYR but stained SK-MEL-19 (Fig. 
8). We conclude that mAbs TA99, CF21, and 2G10 identify antigens distinct from 
tyrosinase encoded by the BBTY-1 cDNA clone. 
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Fioure. 8. Indirect immunofluores- 
cence assays for antigen expression by: 
{A) LpcTYR-2 cells expressing BBTY-1; 
and (ff) SK-MEL-19 melanoma cells. 
mAb TA99 (anti-gp75) (A); mAb 
CF21 (antimelanosoma) antigen) (•); 
mAb H100-5R28 (anti-H-2 k ) (O); and 
mAb AJ2 (antiintegrin; positive con- 
trol) (A). 
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Discussion 

Tyrosinase catalyzes the o hydroxylation of monophenols and oxidation of o-d\- 
phenols to o-quinones. In melanocytic cells, tyrosinase enzymatically converts tyro- 
sine to DOPA, and DOPA to dopaquinone, leading to the spontaneous formation 
of the complex mixture of pigments known as melanin (27). The later steps in this 
pathway are not well characterized, and it has been suggested that a number of other 
factors, both catalytic and inhibitory, may regulate melanin synthesis and influence 
the species of melanin formed (28, 29). The complexity of pigment expression has 
been further highlighted by genetic studies in the mouse where >50 loci have been 
found to influence coat color (30). Thus, it is possible that a number of gene prod- 
ucts, most not yet identified, can play a role in melanogenesis. 

It is remarkable that transfected L929 fibroblasts not only stably expressed tyrosinase 
activity but were able to produce and package melanin. Melanin precursors are cyto- 
toxic, and it has been presumed that melanocytic cells contain mechanisms, perhaps 
located within melanosomes, that protect from the effects of toxic intermediates. 
We suspect that melanin precursors were in fact cytotoxic in transfected L929 cells, 
and that cells producing substantial amounts of pigment were destined to die, based 
on the following observations: (a) only a subpopulatton of transfected cells contained 
pigmented vesicles; (b) deeply pigmented, nonviable cells were observed floating in 
the supernatant of transfectant cultures; and (c) when transfected cells were cryo- 
preserved and then thawed, pigmented cells were not initially detected but eventu- 
ally repopulated the culture. 
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We have not yet analyzed in detail the synthesis or processing of human tyrosinase 
in transfected L929 cells. From our preliminary studies, it appears that human 
tyrosinase is glycosylated to a form that is identical in size to fully processed tyrosinase 
expressed in human melanocytic cells. It is likely that human tyrosinase was processed 
through the Golgi apparatus in L929 cells and transported to or remained in vesicles 
arising from the trans-Golgi. The nature and destination of these vesicles is not known. 
It is interesting to speculate that these vesicles might be precursors of melanosomes 
but that formation of melanosomes would depend on the products of other special- 
ized genes. 

The expression and regulation of tyrosinase has been the subject of extensive 
studies, but the formal identification of the gene that codes for tyrosinase has not 
been straightforward (reviewed in reference 31). Two distinct, and only distandy related, 
genes have been proposed as candidates for mouse tyrosinase, based on detection 
of mRNA of these genes in melanocytic cells and reactivity of the protein product 
with antibodies against tyrosinase (32, 33). Neither gene, however, was demonstrated 
directly to code for a product with tyrosinase activity. It is likely that antibodies 
used to detect the products of putative tyrosinase cDNA clones reacted with other 
molecules that copurified with tyrosinase. This situation was recendy clarified by 
the identification of the mouse tyrosinase gene by Muller et al. (34) who isolated 
a cDNA clone, pmctyrl, that coded for transient expression of tyrosinase activity 
in transfection assays. No pigment synthesis was reported in transfected cells, pos- 
sibly because assays were performed only shortly after transfection, because the re- 
cipient cells were different (an amelanotic melanoma and a breast carcinoma cell 
line), or because levels of tyrosinase activity appeared to be much lower than in mouse 
fibroblasts transfected with BBTY-1. 

The candidate for the human tyrosinase gene, designated Pmel 34, has been reported 
by Kwon et al. (1). Kwon et al. (35) also recently described a mouse cDNA, MTY811C, 
isolated using Pmel 34. The gene product encoded by MTY811C was predicted to 
be 81% homologous to the protein encoded by Pmel 34. Both the human Pmel 34 
and the mouse MTY811C correspond to the human counterpart of the mouse pmctyrl 
gene, and in fact, the pmctyrl clone was also isolated by screening a cDNA library 
from mouse melanoma cells with the Pmel 34 cDNA. The Pmel 34 cDNA clone 
was detected by screening a cDNA library with polyclonal antisera raised against 
hamster tyrosinase. Pmel 34 has been mapped to the c (albino) locus in the mouse, 
the presumed site of the tyrosinase structural gene or a gene that regulates tyrosinase 
expression. The nucleotide and predicted aa sequences of BBTY-1 and Pmel 34 are 
nearly identical. BBTY-1 contains an initiation codon that is not present in Pmel 
34, and there are minor differences in nucleotide and predicted aa sequences. It 
is possible that some of these differences represent genetic polymorphism or somatic 
mutations (related to the source of cell types used to isolate cDNA, i.e., melanoma 
cells for BBTY-J vs. melanocytes for Pmel 34). It is interesting to note that where 
there are distinct differences in sequences between BBTY-1 and Pmel 34, the se- 
quence of BBTY-1 is very close or identical to the mouse pmctyrl tyrosinase sequence 
(e.g., aa 356-361 and 385). 

Multiple transcripts of the tyrosinase gene have been found in mouse melanoma 
cells (36). The remaining transcripts are generated by alternative splicing leading 
to deletion of internal sequences, presumably by exon skipping or by selection of 
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internal splice sites. When these alternative transcripts have been expressed, they 
have not been found to encode active tyrosinase (34, 36). The BBTY-l cDNA represents 
the human counterpart of the mouse pmctyrl transcript. Another cDNA clone that 
we isolated, BBTY-3, differs from BBTY-l in its 3' restriction map, possibly corre- 
sponding to an alternative transcript of the human tyrosinase gene. 

We have asked what is the relationship of tyrosinase to the melanosomal/cyto- 
plasmic antigens recognized by mAbs 2G10, TA99, and CF21. It has been shown 
that mAb 2G10 immunodepletes tyrosinase activity (37) and, therefore, possibly recog- 
nizes a molecule with tyrosinase activity. However, mAb 2G10 did not react with 
human tyrosinase encoded by BBTY-l, suggesting that mAb 2G10 recognizes a dis- 
tinct molecule from the gene product of BBTY-l. TA99 mAb recognizes an acidic 
75-kD glycoprotein (38), and the antigen recognized by TA99 is a candidate for 
tyrosinase, based on its expression in melanosomes, its molecular size, and charge. 
The finding that mAbs TA99 and CF21 did not react with L929 transfectants pro- 
vides evidence that they do not recognize determinants coded for by the BBTY-l 
human tyrosinase molecule. Further data suggest that mAb TA99 does not recog- 
nize tyrosinase: (a) mAb TA99 does not precipitate tyrosinase activity from mela- 
noma cell extracts (39, 40); (b) the TA99 antigen, gp75, is generally coexpressed 
with tyrosinase activity, but there are examples of gp75* melanoma cell lines that 
do not express tyrosinase activity; and (c) we have been able to regulate indepen- 
dently the expression of tyrosinase and gp75 in melanoma cell lines (20). 

Understanding the specificity of mAbs that react with melanosomal antigens will 
be important for sorting out the identity of these molecules. It has been proposed 
in a recent report by Jimenez et al. (41) that a second gene only distantly related 
to BBTY-l and Pmel 34 (33), mapping to the b (brown) locus in the jnouse (42), 
codes for a gene product with tyrosinase activity (41). Thus, it is becoming increas- 
ingly evident that tyrosinase is a member of a family of related molecules that in- 
clude distinct genes and alternative transcripts of these genes (32-34, 36, 41, 42). 

Summary 

A distinguishing characteristic of cells of the melanocyte lineage is the expression 
of the melanosomal enzyme tyrosinase that catalyzes the synthesis of the pigment 
melanin. A tyrosinase cDNA clone, designated BBTY-l, was isolated from a library 
constructed from the pigmented TA99 + /CF21 + melanoma cell line SK-MEL-19. Ex- 
pression of BBTY-l in mouse L929 fibroblasts led to synthesis and expression of 
active tyrosinase, and, unexpectedly, to stable production of melanin. Melanin was 
synthesized and stored within membrane-bound vesicles in the cytoplasm of trans- 
fected fibroblasts. BBTY-l detected a 2.4-kb mRNA transcript in nine of nine pig- 
mented, tyrosinase-positive melanoma cell lines. Tyrosinase transcripts of the same 
size and abundance were detected in a subset (three of eight) of nonpigmented, tyros- 
inase- negative melanoma cell lines, suggesting that post -transcriptional events are 
important in regulating tyrosinase activity. Two melanocyte antigens, recognized 
by mAbs TA99 and CF21, that are specifically located within melanosomes and are 
coexpressed with tyrosinase activity, did not react with transfected mouse fibroblasts 
expressing human tyrosinase, supporting the conclusion that these antigenic deter- 
minants are distinct from the tyrosinase molecule coded for by BBTY-l. 
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Anatomy of Pigment Cell Genes Acting at the Cellular Level 

MURRAY H. BRILLIANT and GREGORY S. BARSH 



Nearly 80 years ago, studies by Sewali Wright on color inheri- 
tance in guinea pigs laid the groundwork for recognizing that 
mammalian melanocytes synthesize pigment of two different 
types, black-brown eumelanin or yellow-red pheomelanin 
(Wright, 1917a.c). Wright suggested that certain genes such as 
Agouti (A) or Extension (E) determined which of these two pig- 
ment types would be synthesized, while others such as pink- 
eyed dilution (p) affected the quality of eumelanin but not that 
of pheomelanin. 

Wright's studies were based primarily on gross observations 
of breeding experiments. A deeper understanding of the essen- 
tial difference between pigment types came from pioneering 
studies carried out by Elizabeth (Tibby) Russell in the 1940s, in 
which detailed histologic comparisons were made of mouse 
coat color variants that differed at key loci (Russell, 1946, 
1948, 1949a,b). This work, combined with later chemical and 
ultrastnictural investigations (Mover, 1963), revealed that sub- 
cellular organelles that contain eumelanin, eumelanosomes, are 
oval-shaped with an organized interna! matrix of parallel lamel- 
lae. There can be considerable variation in the number, size, and 
distribution of eumelanosomes along the hair shaft; eumelanic 
pigment granules in pink-eyed dilution are irregular in shape 
and have a shred -like appearance. By contrast, pheomel a no- 
somes are spherical, lack an organized internal structure, ex- 
hibit little variation in morphology, and are not affected by the p 
mutation (reviewed by Silvers, 1979). 

As described in Chapter 28, an important landmark in mela- 
nin research was the recognition in the 1920s that eumelanin 
synthesis involved oxidation of tyrosine to form an indole- 
based polymer, by a process now known as the Raper-Mason 
pathway. Because pheomelanin is soluble in dilute alkali and 
has a relatively high cysteine content, it was recognized to have 
a different chemical structure, although its exact nature is still 
undetermined (reviewed by Prota, 1992). Studies in the 1950s 
suggested that alternative amino acids might underlie differ- 
ences between eumelanin and pheomelanin, but it is now clear 
that both pigment types are produced solely from tyrosine, and 
both depend on tyrosinase-catalyzed formation of dopaquinone 
as described in Chapter 24. Thus, diversion of dopaquinone into 
the pheomelanic pathway serves as the fulcrum upon which 
genes that control eumelanin-pheomclanin switching are bal- 
anced (Fig. 18-1). Interestingly, Sewall Wright suggested a bio- 
chemical pathway for pigment synthesis in 1917 that was based 
solely on genetic data (Wright, 1917a). Though details of his 
hypothesis later proved incorrect, an essential component — that 
eumelanin and pheomelanin shared both a common precursor 
and initial steps of oxidative metabolism — was confirmed 
nearly 50 years later. 

Whereas the earliest studies of coat color genetics were car- 
ried out with guinea pigs as described above, mice are much 



better suited to breeding studies and so have provided most of 
the depth in mammalian pigmentation genetics (Wright, 
1917b). This resource has arisen from three different sources. 
Many coat-color variants that previously existed among com- 
munities of mouse fanciers or wild mice were incorporated into 
inbred strains during the early part of this century, such as the 
nonagouii (a), tobacco (£** or Mclr"***), and the original mutant 
alleles at the Agouti, Mclr, and pink-eyed dilution loci (re- 
viewed in Morse, 1978; and Silver, 1995). In addition, a large 
number of spontaneous mutations have arisen during the propa- 
gation of inbred strains, such as the black-and-tan (a')> reces- 
sive yellow (e or Mclr), and pink-eyed unstable (p"") alleles. 
Finally, many additional alleles of Agouti and pink-eyed dilu- 
tion have arisen from large-scale mutagenesis studies carried 
out at national laboratories such as Harwell (Lyon ex ai, 1992) 
and Oak Ridge (Russell & Russell, 1992). 



CURRENT CONCEPTS 
Overview 

In the last decade, molecular isolation of mouse coat -color 
genes and characterization of their protein products has built on 
the foundation laid by previous genetic and biochemical inves- 
tigations to provide a deeper understanding of pigmentation bi- 
ology (reviewed in Jackson, 1994). These studies have revealed 
that Agouti and Proopiomelanocortin {Pome) encode secreted 
signaling molecules, agouti protein (ASP) and a-MSH, respec- 
tively, that affect melanocytes in opposite ways via a pro- 
tein-coupled receptor encoded by Extension, now known as the 
Melanocortin J receptor (Mclr) gene (reviewed in Barsh, 
1996). The level of Mclr signaling and subsequent adenylate 
cyclase activation determines whether pheomelanin or eume- 
lanin are synthesized, by stimulating diversion of dopaquinone 
into a cysteine-derivative in the case of pheomelanin, and by 
activation of at least four specific genes in the case of eume- 
lanin (Fig. 1 8-1). Some of the eu melanin-specific genes encode 
enzymatic components of the Raper-Mason pathway; these are 
described further in Chapter 28. However, an important compo- 
nent of eumelanin that does not appear to play an enzymatic 
role is the twelve membrane-spanning protein encoded by the 
pink-eyed dilution gene. Although the exact function of the P 
protein has riot been determined, its predicted structure is ho- 
mologous to a family of transporter proteins (Lee el al t 1995). 

Mouse coat-color genes have played an important role in un- 
derstanding basic aspects of mammalian genetics. For example, 
the original p mutation and a mutation of the tyrosinase gene (c 
locus) were used to define the first genetic linkage group in the 
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Fig. 18-1. Gene products that control pigment-type switching. The polypeptide proopiomelanocortin 
(POMC) is cleaved by subtilisin-like proteins into several smaller neurendocrine peptides, including 7- 
melanocyte stimulating hormone Cy-MSH), a-melanocyte stimulating hormone (a-MSH), adrenocorti- 
cotrophic hormone (ACTH), and fJ-endorphin (p-end). The intermediate lobe of the pituitary gland 
mainly produces a-MSH, but a-MSH is also synthesized widely in the brain where it modulates a vari- 
ety of neuroendocrine processes (reviewed in O'Donohue & Dorsa, 1982). In addition, as described in 
the text, recent studies suggest thai a-MSH and/or ACTH are produced by keratinocytcs and therefore 
may affect pigmentation as paracrine hormones. a-MSH and the Agouti protein act to stimulate and in- 
hibit, respectively, signaling through the melanocortin 1 receptor (Mclr), encoded by a gene previously 
known as Extension (£). Unlike a-MSH, which is found at physiologic levels in the bloodstream. 
Agouti protein does not circulate and instead is produced locally by cells in the dermal papilla. In- 
creased signaling through the Mclr causes an elevation of cAMP levels and likely stimulates expres- 
sion of the P protein, which forms an essential component of eumelanin, but is not required to produce 
pheomelanin. Increased Mclr signaling also stimulates expression of tyrosinase and other genes re- 
quired for eumelanogenesis as described in Chapter 30. 



mouse (Haldane et al, 1915), now assigned to mouse chromo- 
some 7 (Brilliant et ai, 1996). The p locus was also used as a 
marker in transplantation studies to define histocompatability 
antigens (Snelt & Stevens, 1961). An unusual Agouti allele, 
lethal yellow (Ay), is caused by a deletion that simultaneously 
(7) removes an hnRNP-like gene required for RNA metabolism 
expressed at high levels in unfertilized oocytes, and (2) causes 
ubiquitous expression of agouti protein-coding sequence, lead- 
ing to pleiotropic effects that include obesity, diabetes, and in- 
creased tumor susceptibility (Duhl et ai, 1 994a; Michaud et al t 
1993). Segregation analysis of Ay/a intercrosses in which the ra- 
tio of Ay to non-A' progeny was 2:1 rather than the expected 3: 1 
provided the first evidence of an embryonic lethal mutation in 
animal genetics (Cuenot, 1908), and efforts to understand the 
mechanism of Agouti-induced obesity have led to increased ap- 
preciation for the role of melanocortin signaling in intermediary 
metabolism and energy balance (reviewed in Yen et ai, 1994). 



Lower Vertebrates and Invertebrates 

Much of our current understanding of melanocortin signaling is 
based on studies carried out on hormonal control of pigmenta- 
tion in amphibians and reptiles (Lerner, 1993). Melanin-contain- 
ing cells in these animals, melanophores. exhibit rapid changes 
in their absorption of visible light mediated by the intracellular 
dispersion or aggregation of microscopic pigment granules. This 
phenomenon underlies the ability of many reptiles and amphib- 
ians to adapt to their environmental background and is mediated 
by a variety of different receptors for catecholamines, serotonin, 
and peptide hormones. Recognition that extracts of mammalian 
pituitary glands could reproduce this process led to the isolation 
of a- melanocyte stimulating hormone (a-MSH), a 13 amino 
acid peptide produced by proteolytic cleavage from a multifunc- 
tional larger precursor, proopiomelanocortin (Pome) (reviewed 
in Bertagna, 1994; De Wied and Jolles, 1982; and Eberle, 1988). 
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Besides oc-MSH, Pome also gives rise to 7-MSH, adrenocorti- 
coirophic hormone (ACTH) and P-endorphin (Fig. 18-1). a- 
MSH, 7-MSH, and ACTH each cause pigment dispersion in 
melanophores, presumably via one or more melanocortin recep- 
tors similar to Ihose isolated in mammals (see below). 

Melanocortin signaling is extremely well conserved among 
distantly related vertebrates. The primary sequence of a-MSH in 
most amphibians and fish is identical to that of mammalian o> 
MSH, although some differences exist in posl-translational 
modification (N-terminal acetylation and C-terminal amidation). 
Biochemical studies suggest that the pale ventral color character- 
istic of several frog species is caused in part by production of 
paracrine factors in ventral skin that inhibit melanocortin signal- 
ing (Fukuzawa & Bagnara, 1989; Kreutzfeld et al, 1989). This 
provides an interesting parallel to mammalian Agouti, which is 
thought to cause the yellow or cream-colored ventral pelage ob- 
served in many species of mammals (Vrieling et al, 1994). 

The pigment found in dark-colored melanophores is derived 
from tyrosine and is often described as eumelanin. By contrast, 
bright-colored pigment cells of cold-blooded vertebrates, irido- 
phores, or xanthophores, contain pigment derived from purines 
or pteridines, respectively, and they do not have mammalian 
counterparts (Bagnara. 1983). Pheomelanin is not thought to 
exist in amphibians, fish, or reptiles, but it has been extensively 
characterized in red feathers of New Hampshire hens (reviewed 
in Prota, 1992). In fact, much like the mouse p gene, the 
chicken locus "pinkeye," pK causes a severe reduction in reti- 
nal pigmentation, produces gray feathers in strains of wild-type 
birds that produce black feathers, and shows histologic similar- 
ities to the melanocytes of p/p mice (Brumbaugh & Lee, 1975). 
Despite these phenotypic similarities, molecular homologues of 
Agouti and p have only been described in mammals. An avian 
melanocortin receptor has been isolated recently (Takeuchi et 
ai, 1996), and it will be of interest to determine whether altered 
signaling through this receptor induces pheomelanogenesis as it 
does in mammals (see below). 



Mammals 

Agouti and Extension 

Populations of wild mice frequently carry the light-bellied 
Agouti (A*") allele, in which each dorsal hair has a subterminal 
band of yellow on a black or brown background, while all ven- 
tral hair is yellow or cream-colored. The banded appearance of 
dorsal hairs gives a brushed or golden appearance to the coat 
and is especially prominent in a South American rodent for 
which the gene is named (reviewed in Barsh, 1996; and Sira- 
cusa, 1994). The yellow band is caused by hair-follicle melano- 
cytes switching from eumelanin to pheomelanin synthesis and 
back again during the early anagen phase of hair growth. Some 
Agouti alleles such as ietfial yellow (Ay) or viable yellow {A 9 ?) 
produce a coat that contains only pheomelanin, while others 
such as nonagouti (a) or extreme nonagouti (a e ) produce only 
eumelanin. When different Agouti alleles are compared with 
each other, synthesis of pheomelanin appears dominant to that 
of eumelanin. For example, the lethal yellow (A>) and viable 
yellow {A**) alleles of Agouti are dominant to the a allele; e.g.. 
Ay/a and A^/a animals are yellow but a/a animals are black. An 
unusual feature of dominant Agouti alleles such as A* and A y > is 



their exlrapigmentary effects. Animals that carry these alleles 
are not only yellow but also develop obesity, diabetes, and an 
increased susceptibility to several different types of tumors (re- 
viewed in Yen et al., 1994). 

Extension, named for the ability of certain alleles to extend 
the area of black pigmentation, is recognized in mice as four 
different variants; sombre (£**"»), tobacco (£"**), wild-type (£), 
and recessive yellow (e). Animals homozygous for e have a coal 
that contains almost exclusively pheomelanin and therefore ap- 
pear very similar to animals that carry A*. Animals that carry the 
E*™ allele have coats that contain almost exclusively eumelanin 
in their coat. In contrast to the Agouti allelic series, synthesis of 
eumelanin is dominant to that of pheomelanin for Extension al- 
leles, e.g., E som /e animals are black but e/e animals are yellow. 

Genetic interaction studies show that, in general, the pigmen- 
tary effects of Extension alleles are epistatic to those of Agouti 
For example, the coat of an a/a animal in the presence of the 
wild-type E allele, i.e., a/a E/E, contains eumelanin, but the 
coat of an a/a e/e animal contains pheomelanin (Lamoreux & 
Russell, 1979). Likewise, whereas the coat of wA>/a E/E ani- 
mal contains pheomelanin, that of an Ay/a E som /- animal con- 
tains eumelanin. These findings point to a pigment control path- 
way in which Agouti encodes an upstream component 
promoting pheomelanin synthesis, whereas Extension encodes 
a downstream component promoting eumelanin synthesis 
(Geschwind et al, 1972; Jackson, 1994; reviewed in Silvers, 
1979). This notion is also consistent with the results of skin 
transplantation experiments in which the Agouti gene was 
found to act in the dermal component of hair follicles while the 
Extension gene was found to act in melanocytes (Lamoreux & 
Mayer, 1975; Silvers, 1958, 1961; Silvers & Russell, 1955). 

Molecular isolation of the Agouti gene, made possible by an 
unusual chromosomal rearrangement that fused sequences from 
an Agouti intron to those from the previously isolated limb de- 
formity gene, revealed a 131 amino acid protein with an amino 
terminal signal sequence, a basic central region that contains a 
single glycosylation site, and a cysteine-rich carboxyl terminus 
(Bultman et al., 1992; Miller et al, 1993). Dominant Agouti 
mutations associated with pleiotropic effects such as obesity 
and increased tumor susceptibility such as Ay or A*? were found 
to be caused by regulatory abnormalities leading to ubiquitous 
and continual expression, of a normal agouti protein (Duhl et 
at., 1994b; Michaud etall 1994; Millers al, 1993; Siracusa et 
al, 1995). By contrast, loss-of-f unction mutations such as a or 
a* were found to be caused either by regulatory abnormalities 
leading to decreased expression, in the case of a (Bultman et 
al, 1994), or by structural abnormalities of protein-coding se- 
quence, in the case of a 8 (Hustad et al, 1995). These findings, 
as well as the ability of an Agouti cDNA to cause production of 
a yellow coat when expressed as a transgene (Perry et al, 
1995), confirmed the prediction that Agouti functioned as a pos- 
itive regulator of pheomelanin synthesis. As suggested by ear- 
lier transplantation experiments. Agouti mRNA was found to be 
expressed in the dermal papillae of hair follicles, at ox just prior 
to the time of pheomelanin synthesis (Millar etal, 1995). Thus, 
in animals carrying the A w allele, Agouti RNA is expressed in 
dorsal skin for a 2- to 3-day period during anagen, coinciding 
with deposition of pheomelanin in the subapical region of each 
dorsal hair (Vrieling et al., 1994). However, in ventral skin of 
an A w /A w animal. Agouti RNA is expressed during the entire 
hair growth cycle. These observations helped to confirm the no- 
tion originally suggested from transplantation studies (Silvers 
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& Russell. 1 955) that agouti protein has a small sphere of action 
(several cell diameters) and therefore acts normally as a para- 
crine hormone. 

Agouti protein does not exhibit significant primary sequence 
similarity to other cDN A or protein sequences, but the spacing 
between carboxy-terminai cysteine residues is nearly identical 
to that observed in a group of invertebrate toxins that function 
as calcium channel antagonists. This observation has implica- 
tions for the three-dimensional structure of agouti and has led to 
speculation about possible biochemical mechanisms of agouti 
signaling (Marine et al., 1995; Zeinel et ah, 1995). However, 
most evidence to date suggests that agouti protein does not act 
directly on calcium channels but instead antagonizes Mclr sig- 
naling (see below). 

In contrast to Agouti whose isolation was dependent on pre- 
viously existing mouse coat color mutations, proof that allelic 
variation in the Mclr gene caused Extension mutations came af- 
ter the Mclr gene was isolated using an approach based on se- 
quence similarity to other G protein-coupled receptors (Mount- 
joy et aL, 1992). Consideration of the Mclr as a candidate for 
Extension was based in part on previous studies showing that, 
in Ay/a hair bulb melanocytes, production of eumelanin could 
be stimulated by treatment with dibutyryl cAMP or ot-MSH, 
while in e/e hair bulb melanocytes, production of eumelanin 
could be stimulated by dibutyryl c AMP but not by a-MSH (Ta- 
mate & Takeuchi, 1964). This suggestion was confirmed by 
finding that the e mutation is caused by a frameshift leading to 
premature truncation, and the £»** &°" t and JJ mutations 
are caused by missense mutations leading to the production of a 
hyperactive Mclr in the case of tobacco, or a constitutively ac- 
tive Mclr in the case of sombre (Robbins et aL 1993). 

Both genetic and biochemical studies (described further be- 
low) demonstrate that interactions between agouti protein and 
the Mclr play an important role in the normal control of pig- 
ment synthesis. Surprisingly, the same is not true of the Mclr 
ligand, ct-MSH. Initial studies of a-MSH biosynthesis and pos- 
sible effects on pigmentation focused mainly on a-MSH as a 
possible endocrine hormone produced by the pituitary gland. 
Exogenous administration of a-MSH causes a switch from 
pheomelanin to eumelanin synthesis in Ay/a mice (Geschwind, 
1966), and increased pituitary-derived a-MSH and/or ACTH 
are responsible for the darkening of skin that occurs in adrenal 
insufficiency (Beamer et aL, 1994). However, plasma levels 
of a-MSH do not correlate with alterations in coat color that oc- 
cur when certain strains of mice carrying A** darken with age, 
and hypophysectomy docs not cause pheomelanogenesis in 
nonagouti mice (Geschwind et aL, 1972; Thody et aL, 1983). 
Thus circulating a-MSH probably does not act as an endocrine 
hormone in physiologic control of pigment synthesis in the 
mouse. More recently, a potential role for a-MSH in pigment 
synthesis has focused on a paracrine or autocrine role (reviewed 
in Pawelek, 1993; Slominski et aL, 1993; and Wintzen and 
Gilchrest, 1996), which is based on the finding that expression 
of Pome RNA can be detected in keratinocytes and melanocytes 
(Farooqui et aL, 1993; Slominski el aL, 1992, 1995). In most of 
these studies, it has been difficult to determine whether the 
RNA detected actually gives rise to physiologically significant 
levels of a-MSH. However, recent work from Lugar and col- 
leagues has demonstrated that biologically active a-MSH and 
ACTH are produced by cultured keratinocytes in vitro (Schauer 
etaL, J 994). 

From a genetic perspective, it is interesting to note that chro- 
mosomal mapping studies do not suggest Pome as a candidate for 



any of nearly 100 mouse coat-color mutations (Jackson, 1994; 
Silvers, 1979). A null Pome mutation could be lethal because of 
loss of ACTH and ^-endorphin. However, if endocrine or para- 
crine secretion of a-MSH regulated Mclr activation normally, 
hypomorphic Pome alleles might be expected to cause a pigmen- 
tary phenotypc, since small increases in plasma a-MSH levels 
have dramatic effects on coat color (Geschwind et aL, 1972). 

The biochemical process by which agouti protein causes 
pheomelanogenesis has garnered much interest, not only from 
pigment cell biologists but also from scientists interested in un- 
derstanding the mechanism of agouti-induced obesity in mice 
that carry one of the dominant Agouti alleles such as A? or A** that 
have pleiotropic effects (Manned., 1995; Yen et aL, 1994). As 
described below, most evidence to date suggests that agouti acts 
as a melanocortin antagonist, preventing the binding and activa- 
tion of the Mclr by a-MSH. Genetic studies indicate that A>- 
induced obesity is not mediated by the Mclr since it is not sup- 
pressed by the e mutation. However, there are four additional 
melanocortin receptors expressed in a multiplicity of cell types 
(Ganlz et id., 1993a,b, 1994), and agouti antagonism at one or 
more of these receptors could easily have pleiotropic effects. 

In cell culture, recombinant purified agouti protein inhibits ac- 
tivation of adenylate cyclase elicited by a-MSH or other me- 
lanocortins and, at similar concentrations, also inhibits mela- 
nocortin binding as measured with I»" NDP-MSH (Blanchard et 
aL, 1995; Lu et aL 1994; Siegrist et aL 1996; Willard et aL 
1995). In most experiments, agouti protein by itself has had no 
effect on basal levels of cAMP accumulation or melanogenesis, 
or on the maximal level of Mclr activation. These findings sug- 
gest a mechanism of competitive antagonism whereby agouti 
protein and a-MSH bind to the Mclr in a mutually exclusive 
manner, with a calculated 1^ for agouti protein of 0.5-1 nM 
(Blanchard et aL, 1995). However, a direct interaction between 
agouti protein and the Mclr has not yet been demonstrated. In ad- 
dition, some experiments have demonstrated that agouti protein 
may cause downregulation of the Mclr, a finding opposite to that 
expected for a competitive antagonist (Siegrist et al., 1 996). 

Other studies have suggested that agouti protein may have ef- 
fects in addition to melanocortin antagonism, since its addition 
to mouse melanocytes or melanoma cells can stimulate 
pheomelanogenesis and/or depress tyrosinase activity in the ab- 
sence of exogenous a-MSH (Hunt & Thody, 1995). The idea 
that agouti may function as a calcium channel antagonist in 
some cell types, including those responsible for obesity and dia- 
betes in mice that carry Ay or A*'*, has garnered support from the 
observation that prolonged exposure of skeletal myocytes to 
agouti protein causes a rise in intracellular calcium, and that 
skeletal tissue from insulin-resistant A*>ia animals exhibits ele- 
vated levels of intracellular calcium (Jones et uL, 1996; Zemel 
et aL, 1 995). However, a primary effect of agouti proleiu on cal- 
cium channels has not yet been demonstrated. 

Region-specific regulation of 
Agouti gene expression 

One of the most interesting aspects of the Agouti gene is that its 
effects are confined to specific parts of the body in different al- 
leles (Plate 10). Whereas mice that carry the tight-bellied 
Agouti (A*) allele have dorsal hairs that are banded and ventral 
hairs that are completely yellow or cream-colored, mice that 
carry the Agouti (A) allele have banded hairs on dorsum and 
ventrum, and mice that carry the black-and-tan (a 1 ) allele have 
dorsal hairs that are black and ventral hairs that are yellow. 
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Molecular cloning studies have now revealed that these obser- 
vations are explained by the complex genetic structure of the 
Agouti locus in which two different regulatory regions simulta- 
neously control expression of protein-coding sequences and 
that each regulatory region can be mutated independently (Bult- 
mane/a/., 1994; Chen etal., 1996; Vrieling etaL, 1994). 

As shown in Plate 10, one Agouti promoter directs expression 
of protein-coding sequences throughout the entire hair-growth 
cycle but affects only ventral skin, while a second promoter di- 
rects expression in both dorsal and ventral skin, but only in the 
mid-phase of the hair growth cycle (Vrieling ct aL, 1994). In the 
wild-type A w allele, both promoters are active to yield the light- 
bellied agouti phenotype. In the A allele, intrachromosomal 
crossing over mediated by an inverted duplication inactivates 
the ventral-specific promoter to produce the agouti phenotype 
(Chen etaL, 1996). Finally, in the a 1 allele, insertion of a retrovi- 
ral-like element inactivates the hair-cycle promoter to produce 
the black-and-tan phenotype (Bultman et aL. 1994). In aVa 1 ani- 
jnals, pheomelanin is produced not only in the ventral trunk but 
also in specialized areas of skin that surround the externa] ear 
and the dorsomedial aspect of the distal limbs, which suggests 
that the "ventral-specific" Agouti promoter is only ventral- 
specific in the trunk, and that it also controls localized expres- 
sion in other areas of the body. This observation is particularly 
relevant in considering how coat-color patterns in mammals 
other than mice might be explained (see below). 

The pink-eyed dilution gene 

The original p allele, which probably arose in Manchuria or 
Japan in Mus molosinus (Brilliant et aL, 1994a), was incorpo- 
rated into several common laboratory strains of mice (e.g., 
SJUJ, 129/J, P/J, and FS/Ei) during the early part of this cen- 
tury. The first mutant allele of the p locus to be character- 
ized molecularly was the p*" (pink-eyed unstable) allele, which 
exhibits high-frequency (somatic) reversion to wild- type 
(Mel void, 1971). Using the technique of genome scanning, the 
p™ allele was found to result from a duplication of 75 kb of ge- 
nomic DNA (Brilliant et al.. 1991; Gondo et aL, 1993), now 
known to include exons 6-18 (Oakey et al, 1996) of the 24- 
exon/7 gene. A fragment of genomic DNA that cross-hybridized 
to various mammalian species (now known to include exon 19) 
was used to screen a melanoma cDNA library to obtain the p 
gene cDNA and its human homologue (Gardner et aL, 1992). 
Parallel studies using a candidate gene approach found that a 
previously unknown human cDN A fragment (DN 10) identified 
an alternative exon of the human P gene (Lee et aL, 1995; 
Rinchik et al. t 1993). Many mouse mutant p alleles have now 
been characterized at the molecular level (Culiat et al, 1993, 
1994; Gardner etaL, 1992; Johnson et aL. 1995; Nakatsu etaL, 
1993; Oakey et al, 1996; Rinchik et aL. 1993). The discovery 
of the human P cDNA has led to an understanding of the molec- 
ular basis for tyrosinase positive oculocutaneous albinism 
(OCA2) discussed below and in Chapter 38. 

Mouse p alleles and phenotypes 

To date, more than 100 p alleles have been identified, some of 
which were de novo in origin and some of which were induced by 
Xrays or chemical mutagens (Lyon et aL, 1992; M. F. Lyon, per- 
sonal communication; Russell et aL, 1995). In the homozygous 
state, each mutant p allele causes hypopigmentation ranging from 



a minor reduction in coat color to a dramatic reduction of both 
coat and eye color characteristic of the original p mutation. In ad- 
dition to affecting pigmentation, several mutant alleles are asso- 
ciated with other abnormalities, including decreased neonatal vi- 
ability, neurological disorders, cleft palate, male sterility, female 
semi-fertility, viability, and prenatal lethality (Brilliant, 1992; 
Culiat etaL, 1993, 1994; Lyon etaL, 1992; Nakatsu etaL, 1993; 
Russell et aL, 1995). All of the mutations with these additional 
phenotypes were induced by radiation and affect surrounding 
genes (Johnson et aL. 1995; Lyon et aL, 1992; Russell et aL, 
1995). However, mutations of the p gene alone cause effects on 
pigmentation only (Gardner et aL. 1992; Johnson et aL, 1995; 
Lyon etaL, 1992; Russell etaL, 1995). 

The pigmentation defects associated with p mutations have 
been characterized in detail. The reduction in pigmentation is the 
result of a reduction in melanin (primarily eu melanin). In the 
hair,/? pigment granules have been described as shred-like (Rus- 
sell, 1949a). The same description has been applied to the small, 
irregular-shaped melanosomes in the Harderian gland of p mice 
(Markert & Silvers, 1956). In p mice, premelanosomes from em- 
bryonic choroid and retina are fibrillar in appearance, as are 
those from the adult choroid. However, most melanosomes from 
the adult retina are more paniculate in appearance. Most p me- 
lanosomes show some pigment indicated as an increase in elec- 
tron density and diameter of melanofi laments, but none are fully 
melanized (Hearing et aL, 1973). The melanosomes within p/p 
melanocytes appear as stage I and stage 2 melanosomes, as de- 
scribed in the above references (Fig. 18-2). Transplantation 
studies in the mouse have demonstrated that the p defect is in- 
trinsic to melanocytes (Slephenson & Hornby, 1985). 

The p gene protein and speculation 
about its functiion 

Recent molecular analysis of the p transcript and protein have 
corroborated much of the past phenotypic data and have ex- 
tended our knowledge about the p protein's role in pigmenta- 
tion, even if its exact function is unknown at this time. Northern 
bJot analyses have confirmed that melanocytes are the predomi- 
nant p gene-expressing cell type, with low-level expression of 
the p gene in brain, testes, and ovaries. The size of the mouse 
p gene transcript is 3.3 kb., encoding a predicted protein of 833 
amino acids (Gardner et aL, 1992; Rinchik et aL, 1993). The 
mouse p gene product, like its human homologue P, encodes a 
protein with 12 membrane-spanning domains. Using an ti sera 
against a synthetic peptide from the first luminal loop (amino 
acids 285-298), Rosemblat et aL (1 994) were able to character- 
ize the p protein as an integral, melanosomal membrane protein 
of 110 kDa that does not appear to be glycosylated (luni- 
camycin treatment does not alter its gel mobility). 

There is evidence that the p protein interacts with melanin. 
The p protein (along with the silver protein) is far less ex- 
tractable from melanized melanosomes (in melanocytes or in a 
cell-free assay system) than it is from poorly melanized mela- 
nosomes (Donatien & Orlow, 1995). It may be that some of the 
loops of the p protein that protrude inside the melanosome are 
somehow trapped within the melanin polymer. If this close as- 
sociation with melanin impedes p protein function, then per- 
haps this is one way to limit the melanin content of the develop- 
ing melanosome. An interesting observation is that the p 
transcript is expressed in the black dorsal skin, but not the yel- 
low ventral skin in a'/a 1 mice (Rinchik et aL, 1993), corroborat- 
ing earlier notions that the p mutations affect eumelanin but not 
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Flo 1 8-2. A comparative siudy of eye tissue from wild-type and pink-eyed dilution mtce. A cross sec- 
tion of an eye of a wild-type mouse (left) is shown in comparison to one from a mutant (p-Vp- ™<; 
(right). Note the lack of mature melanosomes (M) in ihe/Wr" mouse eye in both the choroid (C) and 
hfre inal pigmented epithelial layer (RPE). Also shown are red blood cells (RBC) within blood vessels. 



pheomelanin biosynthesis. Thus, the p protein may play a role 
in the eumelanin-pheomelanin switch. 

From its predicted protein structure, the p protein may be a 
transporter critical to melanocyte function (Gardner et aL, 
1992; Rinchik et aL, 1993). It has been proposed that the p pro- 
tein is a tyrosine transporter (Rinchik et aL, 1993), based on se- 
quence homology that has been subsequently shown not to be 
significant (Lee et aL, 1995; Rosemblat et aL, 1994). Support- 
ing the hypothesis, however, are the observations that both 
mouse and human melanocytes can be induced to pigment in 
vitro with high tyrosine (Sidman & Pearistein, 1965; Witkop et 
aL, 1973). However, recent direct biochemical assays show no 
difference in tyrosine transport between normal and p melano- 
cytes at the level of the melanocyte or the melanosome. Plasma 
membrane tyrosine transport was found to be normal in p 
(p<p/p<>>) melanocytes (K m 89 p,M; 302 pmol/min/mg cell 
protein), and the melanosome-rich granular fractions of normal 
(melan-a) and p melanocytes (p^/p^) were essentially the 
same, taking up 10 \xM PH] tyrosine at about 21 pmol/min/mg 
protein (Gahl et aL, 1995). Thus, although the p protein may be 
a transporter, it does not significantly contribute to tyrosine 
transport. The proteins most homologous to p are bacterial and 
include the 5. aureus and E. coli ArsB proteins (the anion-con- 
ducting pathway of a group of proteins that together confer re- 
sistance to arsenic), the E. coli Na*/H + antiporter, and protein 
38LfromM leprae (Lee etaL, 1995; Rosemblat etal., 1994). It 
may be that the p protein is similarly involved. in ion transport, 
potentially mediating the low pH of the melanosome that favors 
the enzymatic action of tyrosinase. An alternative hypothesis is 
that the p protein functions to transport sulfhydryl compounds 



out of the melanosome to permit the formation of eumelanin 
(Lamoreux et aL, 1995). Indeed the p protein has been hypothe- 
sized to affect the rate of an existing melanin-synthesizing en- 
zyme system to achieve normal pigmentation (Coleman, 1962; 
Sidman & Pearistein, 1965). Other observations suggest that 
the p, tyrosinase, andTRP-1 (tyrosinase related protein- 1) pro- 
teins exist in a high molecular weight complex that is not 
formed in p mutant melanocytes (Chiu et aL, 1993; Lamoreux 
et aL, 1995). Thus, the p protein may also play a coordinating 
role in melanogenesis. 

Hie p protein may be specifically targeted to the melanosome 
or one of its precursors. In normal pigmented melanocytes, a 
fraction of the p protein is present in an intracellular compart- 
ment distinct from that containing tyrosinase and TRP-1. It has 
also been noted that melanosomes lacking p protein are missing 
a high molecular weight complex of the p protein, tyrosinase and 
TRP-1, and they possess characteristics of immature preme- 
lanosomes (Rosemblat et aL, 1994). Thus, in addition to a poten- 
tial transport function, the p protein may also play a critical role 
in the biogenesis of normal melanosomes, perhaps by providing 
conditions (e.g.. low pH) favorable for their proper structure and 
maturation. The melanosome, as a specialized endosome. may 
derive its protein components by means of signals and sorting 
mechanisms that distinguish it from a lysosome. In fact, a 
specific protein sequence motif, capable of targeting TRP-1 to 
the meianosomal membrane, exists within its carboxyl -terminus 
(Vijayasaradhi et aL, 1995). When this TRP-1 amino acid se- 
quence was incorporated in chimeric proteins, they were cor- 
rectly targeted. The sequence capable of targeting TRP-1 is con- 
served across species and a related sequence is found in several 
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other melanosome proteins, including the p protein. However, il 
remains to be shown whether the sequence in the p protein re- 
lated to the TRP-1 sorting sequence actually functions in the 
same way. If so, it would confound the observation that a subset 
of the p protein is in a different intracellular compartment from 
tyrosinase andTRP-i (Rosemblat el aL 1994). 

Evolutionary considerations 

There is substantial evidence for conservation of the Agouti, 
Extension, and pink-eyed dilution genes in different classes of 
mammals including ungulates, lagomorphs, canines, marsupi- 
als, and primates (see below). The coat-color patterns of light- 
bellied agouti and black-and-tan are prevalent among certain 
orders; in larger animals with a black-and-tan phenotype, e.g., 
German shepherds or Dobemian pinschers, pheomelanin mark- 
ings are also evident on the distal limbs and areas of the head 
and neck (Little, 1957; Searle, 1968; Willis, 1989). These phe- 
notypes and others that involve localized differences in the dis- 
tribution of pheomelanin and eumelanin have for the most part 
been attributed to allelic variation dX Agouti or Extension (Adal- 
steinsson ex aL, 1987, 1994, 1995). While in most cases such 
assumptions are probably correct, few have yet been proven at a 
molecular level. Most inferences regarding homology are based 
on dominance relationships for a particular allelic series and/or 
interaction between alleles of different loci. Thus, alleles asso- 
ciated with pheomelanin production should be dominant to 
those associated with eumelanin production [or Agouti, the op- 
posite should be true for Extension, and, in animals in which 
dominant and recessive alleles exist for both genes, Extension 
should be epistatic to Agouti. An oft-cited exception to these 
precepts exists for canines, in which a presumptive Agouti al- 
lele associated with eumelanin production, A, is dominant to 
one associated with pheomelanin production, a> (Willis, 1989). 
However, it can be difficult to distinguish epistasis from domi- 
nance, and the canine A mutation may instead be an E 50m -\\kc al- 
lele of Extension. 

For pink-eyed dilution, mice, deermice, rats, rabbits, and cats 
all have an equivalent locus defined by a tyrosinase-positive, 
OCA2-like phenotype and which is part of a conserved linkage 
group in these species (Heim et aL, 1988; reviewed by Little, 
1958). A naturally occurring variant of the black bear, the Ker- 
mode bear, found in British Colombia, is associated with a re- 
cessive p-like mutant phenotype (Allen, 1909). In many mam- 
malian species, the conserved linkage group includes the 
P-globin gene cluster. However, in humans the p-globin locus 
(on human chromosome 1 1 ) is not linked to OCA2 (Heim et aL, 
1988), which is now known to be associated with mutations of 
the P gene on chromosome 15 (Durham-Pierre et aL, 1994; Lee 
etaL, I994a,b;Rinchike/fl/., 1993), described below. Southern 
hybridization using a fragment of the mouse p cDNA as a probe 
confirms the widespread conservation of the p gene in mam- 
mals (Fig. ia-3). 

Other genes that aftfect eumelanin 
andl pheomelanin 

Besides Agouti and Extension, mutations of three mouse coat- 
color genes, mahogany (mg), rnakoganoid (md), and Umbrous 
(U), suppress Ag<?u//-induced pheomelanogenesis in much the 
same way as dominant Extension alleles. Although the molecular 
identities of /7i#, md, and U are not known, homologues are likely 
to exist in other mammals and may represent additional genetic 




Fig. 18-3. Conservation of pink-cyed dilution gene. Southern hy- 
bridization using a fragment of the mouse p cDNA as a probe confirms 
the widespread conservation of the p gene in the mammalian species 
indicated. 



controls over the distribution and deposition of pheomelanin ver- 
sus eumelanin. Finally, two other genes, Tabby and Sex-linked 
orange, are important determinants of pheomelanin-eumelanin- 
based coat-color patterns in many carnivores, but homotogs have 
not been identified in rodents (Robinson, 1991 ; Searle, 1968). Al- 
leles of Tabby such as mackarel {T) and blotched (to) suppress 
Agouti-Induced pbeomelanogenesis, but in contrast to mg, md, U, 
and £ wm , which affect the entire body, the effects of Tabby alleles 
are manifest in a pattern of broad stripes or spots. Because the 
dominant Tabby allele in cats, Abyssinian (7*), has no effect on 
the agouti band, Tabby is more analogous to mg or md than it is to 
U or E*™" (Lomax & Robinson, 1988). Variation in Tabby gene 
action is thought to explain not only domestic Tabby cat but also 
the stripes, spots, and geometric patterns typical of tigers and 
leopards (Searle, 1968; Weigel, 1961). Sex-linked orange has 
been well characterized in domestic cats; homozygotes or hem- 
izygotes have pheomelanic coats while heterozygous females ex- 
hibit tine stripes (more dense than Tabby) t as typified by a tor- 
toiseshell cat. The Sex-linked orange mutation is epistatic to 
nonagouti and therefore somewhat analogous to recessive yellow, 
but it would be extremely unusual to find that the Mclr gene is 
responsible for Sex-linked orange since there are almost no ex- 
ceptions to the conservation of X linkage among eutherian mam- 
mals (Ohno's law). 



Human 

Human homologs of Agouti, Extension, and pink-eyed dilution 
have all been identified and characterized at the molecular level 
and are known as AS/P, MCIR, and P, respectively. Mutations of 
the human P gene are responsible for type II oculocutaneous aJ- 
binism (OCA2). Polymorphic variation in the human MCIR is 
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likely to be partially responsible for fair skin and red hair, 
whereas a function has not yet been identified for the ASJP gene. 

Agouti and Extension 

Although humans and higher primates lack agouti-banded hairs 
typical of most other mammals, differential synthesis of pheo- 
melanin and eumelanin account for a considerable amount of 
phenolypic variation in human pigmentation (I to, 1993; Ito & 
Fujita, 1985; Thody et aL, 1991). Black, brown, and blond hair 
is composed mostly of eumelanin; but carrot-red hair contains 
almost exclusively pheomelanin. Therefore, by analogy to mice 
and other mammals, one would anticipate that loss-of-function 
alleles in the MCIR and/or gain -of-f unction alleles in ASIP 
might be partially responsible for red hair and fair skin in hu- 
mans (Barsh, 1996; Wilson et aL, 1995). Evidence supporting 
this notion for the MCIR has come from recent studies of a pop- 
ulation of Irish and British Caucasians, in whom red hair and 
fair skin were strongly associated with homozygosity or com- 
pound heterozygosity for one of nine sequence variants of the 
MCIR (Valverde et aL, 1995). While the implications of this 
observation— reduced activity of the MCIR variants and semi- 
dominant transmission— have not yet been verified, it seems 
likely that the MCIR will be one of several loci that helps to de- 
termine human red hair and fair skin, at least in Western Euro- 
pean Caucasoids. 

Albinism, OCA2, and the Pgene 

Oculocutaneous albinism (OCA) is characterized by abnor- 
mally low amounts of melanin in the eyes and skin (King et aL, 
1994; see Chapter 38). Abnormally low amounts of melanin in 
the t|eveloping eye lead to abnormal routing of optic nerve 
fibers resulting in strabismus and loss of binocular vision. Other 
ocular features of albinism include photophobia, nystagmus, 
and foveal hypoplasia with reduced visual acuity. The reduction 
in skin pigmentation in individuals with OCA is associated with 
an increased sensitivity to ultraviolet radiation and a predispo- 
sition to skin cancer. There are two major types of OCA, tyrosi- 
nase-related OCA and tyrosinase-positive OCA, the latter being 
the most common form of albinism (King et aL, 1994). Muta- 
tions of the human tyrosinase gene on chromosome 1 1 lead to 
tyrosinase-related albinism, defined as OCA1 (Tomita et aL, 
1989; reviewed by Oelling and King, 1993; and King et aL, 
1994; see Chapter 38). The human P gene is on chromosome 
15q in a region demonstrated to be linked to OCA2 in native 
South Africans (Kedda et aL, 1994; Ramsay et aL, 1992). Muta- 
tions in the human P gene lead to tyrosinase-positive OCA. 
defined as OCA2 (Durham-Pierre et aL, 1994; King et aL, 
1994; Lee et aL, 1994a,b; Rinchik et aL, 1993). The cutaneous 
phenotype of OCA2 is broad, ranging from minimal to moder- 
ate pigmentation of the hair, skin, and iris. The skin pigment 
tends to be localized in freckles, lentigines, or nevi rather than 
generalized, and the ability to tan is not well defined (King et 
aL, 1994; see Chapter 38). In contrast to OCA1, individuals 
with OCA2 usually have pigmented hair at birth that tends to 
darken somewhat with age. 

In the general population of the United States, tyrosinase- 
positive OCA occurs in 1/30,000 Caucasians and in 1/17,000 
blacks (Witkop, 1985). P gene mutations (OCA2) have been de- 
tected in these and other racial groups. There are several genetic 
isolates with a very high frequency of tyrosinase positive OCA, 
e.g., the Brandywine, Maryland isolate (1/85) and several na- 



tive North American Pueblo Indian groups: the Zuni, Hopi, and 
Jemez people (approximately 1/240) (Witkop et aL, 1972; 
Witkop, 1985; Woolf & Dukepoo, 1969), as well as several 
Native South American Indian groups (reviewed by Jeambrun 
and Sergent, 1991). Presumably, because these represent small 
restricted populations, individuals within these populations are 
homozygous for the same recessive mutation of a gene required 
for normal pigmentation. The P gene is a likely candidate for 
the OCA seen in all of these groups. Indeed, individuals with 
tyrosinase-positive OCA from the Brandywine, Maryland iso- 
late are homozygous for a deletion allele of the P gene (a 2.7 kb 
deletion that includes exon 7) (Durham-Pierre et aL, 1994). 
However, it is formally possible that mutations in another 
gene(s) lead to a similar phenotype of tyrosinase-positive OCA 
in individuals and groups for which no molecular data is yet 
available, i.e., tyrosinase-positive OCA is itself a heteroge- 
neous disease. 

The tyrosinase-positive OCA phenotype in Africans and 
African-Americans is characterized by yellow hair, white skin 
(sometimes with localized pigmented ephelides) (Stevens et aL, 
1995), and irises that are partially or completely pigmented 
(King et aL, 1994; see Chapter 38). This is the most common al- 
binism with a high frequency in these populations (ranging 
from 1/2000 to 1/5000 in large parts of Sub-Saharan Africa). 
The most common mutation in this group (so far found exclu- 
sively among Africans and individuals of African ancestry) is a 
2.7 kb deletion that removes exon 7 along with flanking intron 
sequences, first identified in the Brandywine, MD isolate 
(Durham-Pierre et aL, 1994). It is estimated that this single 
mutation is associated with 25%-5Q% of all mutant P alleles in 
African-Americans (Durham-Pierre et aL, 1994, 1996), al- 
though other diverse mutant alleles have been described in this 
population (Lee et aL, 1994b). The 2.7 kb deletion allele ac- 
counts for close to 80% of mutant P alleles in South Africa, 
Tanzania, and other parts of Sub-Saharan Africa (Durham- 
Pierre et aL, 1994; Spritz etaL, 1995; Stevens et aL, 1995). The 
phenolypic range of OCA2 is now being defined through the 
molecular characterization of the gene in different individuals 
with albinism, and it is expected that P gene mutations in 
OCA2 will be diverse. The missense mutations described to 
date do not seem to cluster in any specific region of the peptide, 
as observed for tyrosinase, bjut most mutations described so far 
are in the carboxy half of the polypeptide that contains the ma- 
jority of the 12 membrane-spanning domains. A significant por- 
tion of the P missense mutations are found at amino acids con- 
served between the mouse and human P genes and a group of 
bacterial transport proteins with 12 membrane-spanning do- 
mains (Lee et aL, 1995). 

The size of the human P gene transcript is 3.4 kb, encoding a 
predicted protein of 838 amino acids (Rinchik et aL, 1993). 
Both the human and mouse proteins encode a 12 membrane- 
spanning domain protein of unknown function, but related to a 
group of transport proteins (Gardner et aL, 1992; Lee et aL, 
1995; Rinchik et aL, 1993; Rosemblat et ai., 1994). The P gene 
is encoded by 24 exons (plus one alternate exon that contains an 
in frame stop codon, corresponding to IR 10-1, an anonymous 
genomic clone) that span approximately 250 to 650 kb of ge- 
nomic DNA (Lee et aL, 1995). The human proximal promoter 
region contains sequences that might be binding sites for tran- 
scription factors including the following 12 motifs: 1 AP4, 4 
discrete and 1 complex AP2. 1 CF1, 1 GCF, 3 SP1, and 1 
TFI1D. No TATA or CCAAT motifs or melanocyie-specific mo- 
tifs (i.e., M box) have been described (Lee et aL, 1995). 
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The Pgene in Prader-Willi syndrome, 
Angelman syndrome, hypomelanosis 
of lio, and hypopigmentation 

Prader-Willi syndrome (PWS) and Angelman syndrome (AS) are 
genetic diseases associated wilh chromosome 15q aberrations. 
PWS and AS boih localize to the same chromosomal region, 
I5qllql3, although the critical regions for the two syndromes 
are distinct (reviewed by Knoll etal, 1993; and Nicholls, 1993). 
Two common types of deletions are seen in PWS and AS patients 
(Christian etal, 1995) and both types disrupt the marker D15S 12 
(IR10) within the human P gene. PWS involves a loss of a pater- 
nal component of I5ql lql 3, with or without maternal disomy for 
15q. The opposite inheritance pattern is seen in AS, as it is associ- 
ated with a deletion of the maternal component of 15qllql3, 
with or without paternal disomy for 15q. 

Among the common clinical features of PWS are hyperpha- 
gia leading to obesity, mental retardation, behavior problems, 
craniofacial abnormalities, and hypogonadism (especially in 
males) leading to infertility (Bray ct aL 1983). The clinical fea- 
tures of AS include severe mental retardation, microceph- 
aly, seizures, hypotonia, ataxia, and craniofacial abnormalities 
(Clayton-Smith, 1993; Magenis et aL. 1990). Both syndromes 
are also associated with hypopigmentation, as many of these 
patients have much lighter skin, eye, and hair color than other 
family members (Butler, 1989; Clayton-Smith, 1993; Hittner*/ 
aL, 1982; King et aL 1993; Saitoh et aL, 1994; Weisner et aL 
1987). Hypopigmentation is observed in most PWS and AS pa- 
tients wilh deletions of 15qllql3, and more specifically among 
those with a disruption of Dl 5S12, identified by the IR10 probe 
(Hamabe et aL 1991). Thus, patients who are hemizygous for 
the P gene in the context of a large deletion of 15q are hypopig- 
mented. This observation is difficult to resolve with the reces- 
sive nature of both human P and mouse p mutations. Perhaps 
other genetic determinants of pigmentation are in the 15qllql3 
interval. In addition to observing hypopigmentation in PWS 
and AS patients, several cases of PWS and AS are associated 
with OCA2 (Creel et aL 1986; Fryburg et aL 1991; Wallis & 
Beighton, 1989), with deletion of one homologue of the P gene 
in the context of PWS or AS and inheritance of a mutation on 
the other homologue (Brilliant et aL, 1994b; Rinchik et aL, 
1993). Another pigmentation disorder, hypomelanosis of Ito 
(HI) is genetically complex, with a subset of patients being mo- 
saic for I5q anomalies (reviewed by Pellegrino et aL, 1995), 
These HI patients have hypopigmented whorls, streaks, or 
patches in addition to some phenotypic similarities with PWS 
or AS. As in PWS and AS, the P gene is likely to underlie at 
least part of the hypopigmentation phenotype in those HI pa- 
tients with 15q anomalies. 



PERSPECTIVES 

Biochemical! Mechanisms oil Pigment 
Type Switching 

Molecular characterization of Agouti, Extension, and pink-eyed 
dilution has revealed a great deal about pigment cell biology, 
but the biochemical mechanisms that directly effect a switch 
between eumelanin and pheomelanin synthesis are still not 
clear. As described above, studies of the Mclr and agouti pro- 
tein suggest that increased adenylate cyclase activity is suf- 
ficient to switch from pheomelanin to eumelanin synthesis; 



conversely, decreased adenylate cyclase activity is sufficient to 
switch from eumelanin to pheomelanin synthesis. The para- 
digm of cAMP-regulated gene expression, established for genes 
such as somatostatin and VIP (vasoactive intestinal polypep- 
tide), points to a signaling circuit in which phosphorylation 
of the transcription factor CREB would activate expression of 
eumelanin-specific genes, including/?, Trpl, Trp2 t and si How- 
ever, it is not known if CREB binds directly to regulatory re- 
gions of these genes, nor whether their activation is sufficient to 
induce eumelanin synthesis. The phenotypic effects of muta- 
tions in Trpl, Trp2, or «, described in detail in Chapter 19, are 
relatively mild when compared with p mutations, which, as de- 
scribed above, drastically reduces the quantity of eumelanin 
and has little or no effect on pheomelanin. 

Cessation of p expression is probably required for pheome- 
lanin synthesis, but clearly it is not sufficient. An additional fac- 
tor that may come into play is a quantitative alteration in the 
rate of dopaquinone formation. Expression of tyrosinase, en- 
coded by the c gene, is reduced but not eliminated during the 
eumelanin-to-pheomelanin switch, leading to a commensurate 
decline in the production of dopaquinone. Like p, however, re- 
duced tyrosinase activity may be necessary for a eumelanin- 
to-pheomelanin switch, but it is almost certainly not sufficient, 
since substitution by a series of progressively hypomorphic al- 
leles at the c locus does not itself cause pigment type switching 
(in an a/a E/E background). Similarly, whereas p in combina- 
tion with a hypomorphic c allele has an additive effect on coat 
color phenotype, animals doubly mutant for p and chinchilla 
(c ch ) exhibit dilution of eumelanin but not increased synthesis 
of pheomelanin. 

These considerations suggest that certain genes are required 
for pheomelanin but not eumelanin synthesis; these genes must 
be activated in response to increased agouti and/or reduced 
Mclr signaling but they have not been identified yet at a molec- 
ular level. Support for this idea was apparent to Sewall Wright 
nearly 80 years ago, when he described a coat color mutation in 
guinea pigs, fading yellow (/), that specifically affects pheome- 
lanin. Finally, the mouse mutations grey-lethal (gl) and grizzled 
(gr) diminish pheomelanin but not eumelanin formation; these 
mutations also have pleiotropic effects, causing osteopetrosis 
and growth retardation, respectively. Thus, certain genes acti- 
vated by increased agouti -and/or reduced Mclr signaling in me- 
lanocytes may also be required for vital processes in other cells. 
Molecular isolation of these genes and characterization of their 
protein products is likely to bring further understanding not 
only to pigment cell biochemistry but also to more general 
processes of mammalian development. 



Summary 

1 . There are two major types of melanin pigment produced by melano- 
cytes in mammals: eumelanin (black-brown) and pheomelanin (yel- 
low-red). Both require the enzymatic oxidation of tyrosine to form 
dopaquinone. During pheomelanin synthesis, dopaquinone is produced 
at relatively low levels and becomes incorporated into sulfhydryl deriv- 
atives. By contrast, eumelanin synthesis requires a high rate of dopa- 
quinone production and subsequent enzymatic oxidation into indole de- 
rivatives. Several genes are known to regulate whether melanocytes 
produce pheomelanin or eumelanin; these genes and their homologues in 
other species are the subject of this chapter. Proopiomelanocortin 1 
{Pomcl) encodes a-melanocyte stimulating hormone (a-MSH), which 
activates a seven transmembrane domain melanocyte receptor encoded 
by the Extension gene (recently renamed the Melanocortin I receptor. 
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Mclr). Agouti (A) encodes a novel paracrine- signaling molecule that an- 
tagonizes the action of a-MSH, and pink-eyed dilution (p) encodes a 
12-iransmembrane domain melanosomal protein whose Function is un- 
known. 

2. Many mammals have a coat-color pattern in which each dorsal 
hair am la ins a subapieal band of pheomelanin on a eumelanic back- 
ground, while ventral hairs almost entirely contain pheomelanin. This 
phenotype, light-bellied agouti, is caused by local action of the Agouti 
gene, which is expressed in specialized dermal cells and causes overly- 
ing hair-follicle melanocytes to switch from eumelanin to pheomelanin 
synthesis. The cell-surface receptor or receptors that agouti protein 
binds to have not been identified directly, but most evidence indicates 
that agouti protein interacts with the Mc Ir to prevent its activation and 
subsequent stimulation of adenylate cyclase. Some mutant alleles of 
Agouti are caused by regulatory abnormalities leading to ubiquitous ex- 
pression of a normal agouti protein. These mutant alleles have pleio- 
iropic effects, including a yellow coat color, obesity, diabetes, and in- 
creased tumor susceptibility. 

3. Elevated levels of a-MSH cause a switch from pheomelanin to eu- 
melanin synthesis, but genetic variants of Pome / have not been recog- 
nized as determinants of coal color. By contrast, alleles of Extension 
that constituttvely activate or hyperactivate Mclr function cause in- 
creased synthesis of eumelanin and decreased synthesis of pheome- 
lanin. Conversely, an allele of Extension that inactivates Mclr function 
causes pheomelanin to be synthesized almost exclusively. 

4. The pink-eyed dilution locus, p, and its human homologue. P, en- 
code a protein of 1 10 kDa with 12 membrane-spanning domains that is 
localized to the melanosome membrane. The p protein is required for 
normal melanin (primarily eumelanin) biosynthesis. Although the ex- 
act function of the p protein is currently unknown, it has a predicted 
structure in common with transporter proteins. Indeed, it has been pro- 
posed that the p protein functions to transport tyrosine (the initial sub- 
strate in the melanin biosynthetic pathway). However, recent direct 
biochemical assays demonstrate that p mutant melanocytes and me la- 
no somes exhibit normal tyrosine transport. Many radio lion- induced 
alleles of the mouse p locus on chromosome 7 are associated with non- 
pigmentation phenotypes. However, the primary function of the p pro- 
tein is in pigmentation. All other phenotypes are associated with dele- 
tions extending into neighboring genes. 

5. Mutations of the human P gene on chromosome I5qll.2-ql2 
lead to tyrosinase positive oculocutaneous albinism, defined as OCA2, 
a recessive genetic disorder. OCA2 is relatively common among indi- 
viduals of African origin, in whom a common haplotype is associated 
with a 2.7 fcb deletion that includes exon 7 of the P gene. In some 
African populations this deletion allele comprises about 80% of the P 
gene mutations. 

6. Deletions of the human chromosomal interval 15qtlql3 cause 
distinct phenotypes known as Prader-Willi syndrome (PWS) or Angel- 
man syndrome (AS), depending on whether the deletion is, respec- 
tively, paternal or maternal in origin. Although the critical regions asso- 
ciated with these imprinting syndromes are distinct from each other 
and from the P gene, one homologue of the P gene is often deleted in 
PWS and AS patients. Those AS and PWS patients who are hemizy- 
gous for the P gene (in the context of a large deletion of I5q) often ex- 
hibit hypopigmentation relative to other family members, a puzzling 
outcome, as carriers of null alleles of the P gene (in the context of a 
normal chromosome 15 ) are normally pigmented. 



References 

Adalsteinsson, S., S. Bjurnadottir, D. I. Vage, and J. V. Jonmundsson. 
Brown coat color in Icelandic cattle produced by the loci Extension and 
Agouti. J. Hered. 86:395-398, 1995. 

Adalsteinsson, S.. D. P. Sponenberg, S. Alcxieva, and A. J. F. Russet. Inher- 
itance of goat coat colors. J. Hered. 85:267-272, 1994. 



Adalsteinsson, S., P. Hersteinsson, and E. Gunnarsson. Fox colors in rela- 
tion to colors in mice and sheep. J. Hered. 78:235-237, 1987. 

Allen, J. A. The while bear of southwestern British Columbia. Bull Am. 
Museum Nat. History 26:233-238, 1909. 

Bagnara. J. T. Developmental aspects of vertebrate chromatophores. Am. 
Zoot. 23:465-478, 1983. 

Barsh, G. S, Genetics of pigmentation: from fancy genes to complex traits. 
Trends Genet. 1 2:299-305, 1996. 

Beamer. W. G.. H. O. Sweet, R. T. Brunson, J. G. Shire, D. N. Orth. and 
M. T. Davisson. Adrenocortical dysplasia: a mouse model system for 
adrenocortical insufficiency. J. Endocrinol, 141:33-43, 1994. 

Bertagna, X. Proopiomelanounrtin-derived peptides. Endocrinol. Metab. 
Clin. North Am. 23:467-485, 1994. 

Blanchard, S. G., C 0. Harris, O. R. R. Ittoop, J. S. Nichols, D. J. Parks, 
A. T. Tmesdale, and W. O. Wilktson. Agouti antagonism of melanocortin 
binding and action in the B16F10 murine melanoma cell line. Bioctwm- 
istry 34:10406-10411, 1995. 

Bray, G. A.. W. T Dahms, R. S. Swerdloff. R. R Fiser, R. L. Atkinson, and 
R. E. Carrel. The Prader-Willi syndrome: A study of 40 patients and a re- 
view of the literature. Medicine 62:59-80, 1983. 

Brilliant, M. H. The mouse pink-eyed dilution locus: a model for aspects of 
Prader-Willi syndrome, Angelman syndrome and a form of hypome- 
tanosis of Ito. Mamm. Genome 3:187-191, 1 992. 

Brilliant, M. H., A. Ching, Y. Nakatsu. and E. M. Eicher. The original pink- 
eyed dilution mutaiioo (p) arose in Asiatic mice: implications for the H4 
minor histocompatibility antigen, Myodl regulation and the origin of in- 
bred strains. Genetics 138:205-2 11, 1994a. 

Brilliant. M. H., Y. Gondo, and E, M. Eicher. Direct molecular identification 
of the mouse pink-eyed unstable mutation by genome scanning. Science 
252:566-569.1991. 

Brilliant, M. H„ R. King. U. Francke. S. Schuffenhauer. T. Mei linger. }. M. 
Gardner, D. Durham-Pierre, and Y. Nakatsu. The mouse pink-eyed dilu- 
tion gene: association with hypopigmentation in Prader-Willi and Angel- 
man syndromes and with human OCA2. Pigment Cell Res. 7:398-402. 
1994b. 

Brilliant, M. H., R. W. Williams, B. C. Holdener, and J. M. Angel. Mouse 

chromosome 7. Mamm. Genome 6:S 135-S1 50. 1 996. 
Brumbaugh, J. A., and K. W. Lee. The gene action and function of two 

DOPA oxidase positive melanocyte mutants of the fowl. Genetics 81: 

333-347. 1975. 

Bultman, S. J., M. L. Klebig, E. J. Michaud, H. O. Sweet, M. T. Davisson, 
and R. P. Woychik. Molecular analysis of reverse mutations from 
nonagouti (a) to black-and-tan (a 7 ) and white-bellied Agouti (A*) re- 
veals alternative forms of agouti transcripts. Gejus Dev. 8:481-490, 
1994. 

Bultman, S. J., E. J. Michaud, and R. P. Woychik. Molecular characteriza- 
tion of the mouse Agouti locus. Cell 7 1 : 1 195- 1 204, i 992. 

Butler. M. G. Hypopigmentation: a common feature of Prader-Labhart- 
Willi syndrome. Am. J. Hum. Genet. 45:140-146, 1989. 

Chen, Y., D. M. J. Duhl, and G. S. Barsh. Opposite orientations of an in- 
verted duplication and allelic variation at the mouse Agouti locus. Genet- 
ics t44:265-277, 1996. 

Chin, E., M. L. Lamoreux, and S. J. Orlow. Postnatal ocular expression of 
tyrosinase and related proteins: disruption by the pink-eyed unstable (p**) 
mutation. Exp. Eye Res. 57:301-305, 1993. 

Ou-istian, 5. L., W. P. Robinson, B. Huang, A. Mutirangura, M. R. Line, M. 
Nakao, U. Surti. A. Chakravani, and D. H. Ledbetter. Molecular charac- 
terization of two proximal deletion breakpoint regions in both Prader- 
Willi and Angelman syndrome patients. Am. J. Hum. Genet. 57:40-48, 
1995. 

Clayton-Smith, J. Clinical research on Angelman syndrome in the United 
Kingdom: observations on 82 affected individuals. Am. J. Med. Genet. 
46:12-15, 1993. 

Coleman, D. L. Effect of genie substitution on the incorporation of tyrosine 
into the melanin of mouse skin. Arch. Biochem, Biophys 96:562-568, 
1962. 

Creel, D. J., C. M. Bendel, G. L. Weisner, J. D. Wirtschafter, D. C. Arhtur, 
and R. A. King. Abnormalities of the central visual pathways in Prader- 
Willi syndrome associated with hypopigmentation. N. Engl. J. Med. 314: 
1606-1609, 1986. 

Cuenot, L. Sur quelques anomalies apparentes des proportions Mendeli- 
ennes. ArcX Zool. Exp. etGener. 9:7-15, 1908. 

Culiat, C. T.. L. J. Stubbs. C. S. Montgomery, L. B. Russell, and E. M. 
Rinchik. Phenotypic consequences of deletion of the gamma 3, alpha 5, 
or beta 3 subunit of the type A gamma-arainobutyric acid receptor in 
mice. Proc> Natl. Acad. Sci. V. S. A. 91:2815-2818. 1994. 



Anatomy of Pigment Cell Genes at the Cellular Level 



227 



Culiat, C. T.. L. Slubbs, R. D. Nicholls, C. S. Montgomery, L. B. Russell, 
D. K. Johnson, ami E. M. Rinchik. Concordance between isolated cleft 
palate in mice and alterations within a region including the gene encod- 
ing the beta 3 subunil of the type A gamma-ami nobutyric acid receptor. 
Pwc. Natl Acad. Sci. U. S. A. 90:5105-5109, 1993. 

De Wied, D„ and J. Jolles. Neuropeptides derived from pro-opiocortin: be- 
havioral, physiological, and neurochemical effects. Physiol Rev. 62:976- 
1059,1982. 

Donatien, P. D., and S. J. Orlow. Interaction of mclanosomal proteins with 
melanin. Eur. J. Biochem. 232:159-164. 1995. 

Duhl, D. M., M. E. Stevens, H. Vrieling, P. J. Saxon, M. W. Miller, C J. Ep- 
stein, and G. S. Barsh. Pleiotropic effects of the mouse lethal yellow {Ay) 
mutation explained by deletion of a maternally expressed gene and the si- 
multaneous production of Agouti fusion RNAs. Development 120:1695- 
1708.1994a. 

Duhl. D. M. J.. H. Vrieling. K. A. Miller. G. L. Wolff, and G. S. Barsh. Neo- 
moronic Agouti mutations in obese yellow mice. Nat. Genet. 8:59-65, 
1994b. 

Durham-Pierre, D., J. M. Gardner, Y. Nakatsu, R. A. King, U. Francke, A. 
Ching, R. Aquaron, V. del-Marmol, and M.H. Brilliant. African origin of 
an intragenic deletion of the human P gene in tyrosinase positive oculo- 
cutaneous albinism. Nat. Genet. 7:176-179, 1994. 

Durham-Pierre, D., R. A. King, J.M. Naber, S. Lafcen and M. H. Brilliant. 
Estimation of carrier frequency of a 2,7 kb deletion allele of the P gene 
associated with OCA2 in African- Americans. Hum. Mutat. 7:370-373, 
1996. 

Eberle. A.N. The Melanoiropins. Chemistry, Physiology and Mechanism of 
Action. Basel: Karger, 1988. 

Farooqui. J., E. B. Medrano, Z. Abdel-Malek, and J. Nordlund. The expres- 
sion of proopiomelanocortin (POMC) and various POMC-derived pep- 
tides in mouse and human skin. Ann. N. Y. Acad. Sci. 680:50&-510, 1993. 

Fryburg, J. S., W. R. Breg, and V. Lindgren. Diagnosis of Angelman syn- 
drome in infants. Am. J. Med. Genet. 38:58-64, 1991. 

Fukuzawa, T., and J. T. Bagnara. Control of melanoblasl differentiation in 
amphibia by a-melanocyte stimulating hormone, a serum melanization 
factor and a melanizaiion inhibiting factor. Pigment Cell Res. 2:171-181, 
1989. 

Gahl, W. A., B. Potterf, D. Durham-Pierre, M. H. Brilliant, and V. J. Hear- 
ing. Melanosomal tyrosine transport in normal and pink-eyed dilution 
murine melanocytes. Pigment Cell Res. 8:229-233, 1995. 

Gantz, I., Y. Konda, X Tashiro, Y. Shimoto, H. Miwa. G. Munzert, S. J. 
Watson, J. DelVallc, and T. Yamada. Molecular cloning of a novel mela- 
nocortin receptor. J. Biol. Chem. 268:8246-8250, 1993a. 

Gantz, I.. H. Miwa, Y. Konda, Y. Shimoto, T. Tashiro, S. J. Watson, J. Del- 
Valle, and T. Yamada. Molecular cloning, expression, and gene localiza- 
tion of a fourth melanocorlin receptor. J. Biol. Chem. 268:15174-15179, 
1993b. 

Gantz, I., Y. Shimoto, Y. Konda, H. Miwa, C. J. Dickinson, und T. Yamada. 
Molecular cloning, expression, and characterization of a fifth me- 
lanocorlin receptor. Biochem. Biophvs. Res. Commun. 200:1214-1220. 
1994. 

Gardner. J. M., Y. Nakatsu. Y. Gondo. S. Lee. M. F. Lyon, R. A. King, and 
M. H. Brilliant. The mouse pink-eyed dilution gene: association with hu- 
man Prader-Willi and Angelman syndromes. Science 257:1121-1124, 
1992. 

Geschwind, I. L Change in hair color in mice induced by injection of aJpha- 
mH. Endocrinology 79:1165-1167, 1966. 

Geschwind. 1. 1.. R. A. Huseby, and R. Nishioka. The effect of melanocyte- 
s' mulating hormone on coat color in the mouse. Rec. Prog. Hormone 
Res. 28:91-130. 1972. 

Gondo, Y., J. M. Gardner, Y. Nakatsu, D. Durham-Pierre, S. A. Deveau, C. 
Kuper, and M, H. Brilliant. High-frequency genetic reversion mediated 
by a DNA duplication: the mouse pink-eyed unstable mutation. Proc. 
Natl. Acad. Sci. V. S. A. 90:297-301, 1993. 

Haldane, J. B. S., A. D. Spront, and N. M. Haldane. Reduplication in mice. 
J. Genet. 5:133-135. 1915. 

Hamabc, J .-I., Y. Fukushima, N. Harada, K. Ahe, N. Matsuo, T. Nagai, 
A. Yoshioka, H. Tonoki. R. Tsukiiio. and N. Niikawa. Molecular study of 
the Prader-Willi syndrome: deletion, RFLP, and phenotype analyses of 
50 patients. Am. J. Med. Genet. 41:54-63, 1991. 

Hearing, V. J., P. Phillips, and M. A. Lutzner. The fine structure of melano- 
genesis in coat color mutants of the mouse. J. Ultrastrua, Res. 43:88- 
106, 1973. 

Heim, R. A., D. S. Dunn. S. E. Candy, E. Zwane. J. G. Kromberg. and 
T. Jenkins. The tyrosinase-positive oculocutaneous albinism locus is not 
linked to the beia-globin locus in man. Hum. Genet. 79:89, 1988. 



Hittner, H. M.. R. A. King, V. M. Riccardi, D. H. Lcdbetter, R. P. Borda, 
R. E. Ferrell, und F. L. Kretzer. Oculocutaneous albinoidism as a mani- 
festation of reduced neural crest derivatives in the Prader-Willi syn- 
drome. Am. J. Ophthalmol 94:328-337. 1982. 

Hunt, G.. and A. J. Thody. Agouti protein can act independently of mela- 
nocytc-stimulating hormone to inhibit melanogenesis. J. Endocrinol 
I47.R1-R4, 1995. 

Hustad. C. M., W. L. Perry, L. D. Siracusa, C. Rasherry, L. Cobb, B. M. Cat- 
tanach, R. Kovatch, N. G. Copeland, and N. A. Jenkins. Molecular ge- 
netic characterization of six recessive viable alleles of the mouse agouti 
locus. Genetics 140:255-265, 1995. 

Ito, S. High-performance liquid chromatography (HPLC) analysis of eu- 
and pheomelanin in melanogenesis control. J. Invest. Dermatol. 100: 
I66S-171S, 1993. 

Ito. S., and K, Fujita. Microanalysis of eomelanin and pheomelanin in hair 

and melanomas by chemical degradation and liquid chromatography. 

Anal Biochem. 144:527-536, 1985. 
Jackson, I. J. Molecular and developmental genetics of mouse coal color. 

Annu. Rev. Genet. 28:189-217, 1994. 
Jeambrun, J., and B. Sergent. Les Enfants de la Lune. Paris: Inscrm-Orstom, 

1991. 

Johnson, D. K., L. J. Stubbs, C/T. Culiat, C. S. Montgomery, L. B. Russell, 
and E. M. Rinchik. Molecular analysis of 36 mutations at the mouse pink- 
eyed dilution (p) locus. Genetics 141:1563-1571, 1995. 

Jones; B. H.. J. H. Kim, M. B. Zcmel. R. P. Woychik, E. J. Michaud, W. O. 
Wilkison, and N. Moustaid. Upregulation of adipocyte metabolism by 
agouti protein: possible paracrine actions in yellow mouse obesity. Am. J. 
Physiol 270:E192-E196, 1996. 

Kedda, M. A., G. Stevens, P. Manga, C. Viljoen, T. Jenkins, and M. Ramsay. 
The tyrosinase-positive oculocutaneous albinism gene shows locus ho- 
mogeneity on chromosome I5qll-ql3 and evidence of multiple muta- 
tions in southern African negroids [erratum in Am J Hum Genet 55:602, 
1994). Am. J. Hum. Genet. 54:1078-1084. 1994. 

King, R. A., V. J. Hearing, D. J. Creel, and W. S. Oetting. Albinism. In: The 
Metabolic and Molecular Bases of Inherited Disease, 7th ed., vol. H, 
C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Vaile (eds). New York: 
McGraw Hill, 1994, pp. 4353-4392. 

King, R. A., G. L. Wiesner, D. Townsend, and J. G. White. Hypopigmenta- 
tion in Angelman syndrome. Am. J. Med. Genet. 46:40-44, 1993. 

Knoll, J. H. ( J. Wagstaff, and M. Lalande. Cytogenetic and molecular stud- 
ies in the Prader-Willi and Angelman syndromes: An overview. Am. J. 
Med. Genet. 46:2-6, 1993. 

Kreutzfeld, K. T.. T Fukuzawa, and J. T. Bagnara. Effects of a ventral ly lo- 
calized inhibitor of melanizaiion on cultured S91 and B 16 mouse mela- 
noma. Pigment Celt Res. 2: 123-125. 1989. 

Lamoreux, M. L., and T. C. Mayer. Site of gene action in the development 
of hair pigment in recessive yellow {e/e) mice. Dev. Biol 46:160-166, 
1975. 

Lamoreux, M. L., and E. S. Russell. Developmental interaction in the pig- 
mentary system of mice. I. Interactions between effects of genes on color 
of pigment and on distribution of pigmentation in the coat of the house 
mouse (Mus muscutus). J. fared. 70:31-36, 1979. 

Lamoreux. M. L.. B.-K. Zhou. S. Rosemblat, and S. J. Orlow. The 
pinkeyed-di ration protein and the eumelanin/pheomelanin switch: in sup- 
port of a unifying hypothesis. Pigment Cell Res. 8:263-270, 1995. 

Lee, S. T, R. D. Nicholls. S. Bundey, R. Laxova, M. Musarella, and R. A. 
Spritz. Mutations of the P gene in oculocutaneous albinism, ocular al- 
binism, and Prader-Willi syndrome plus albinism. N. Engl. J. Med. 330: 
529-534, 1994a. 

Lee, S. T., R. D. Nicholls, M. T. Jong, K. Fukai, and R. A. Spritz. Organiza- 
tion and sequence of the human P gene and identification of a new family 
of transport proteins. Genomics 26:354-363, 1995. 

Lee, S. T., R. D. Nicholls, R. E. Schnnr, L. C. Guida, J. Lu-Kuo, N. B. Spin- 
ner. E. H. Zackai, and R. A. Spritz. Diverse mutations of the P gene 
among African- Americans with type II (tyrosinase-positive) oculocuta- 
neous albinism (OCA2). Hum. Mot. Genet. 3:2047-2051, 1994b. 

Lemer, A. B. The discovery of the melanoiropins. A history of pituitary en- 
docrinology. Ann. N. K Acad. Sci. 680:1-12, 1993. 

Little, C. C. The Inheritance of Coat Color in Dogs. Ithaca: Comstock, 
1957. 

Little, C. C. Coat-color genes in rodents and carnivores. Q. Rev. Biol 
33:103-137,1958. 

Lomax.T. D„ and R. Robinson. Tabby pattern alleles of the domestic cat. / 

Hered. 79:21-23. 1988. 
Lu. D., D. Wilhird, I. R. Patel, S. Kadwell. L. Overton, T. Kost, M. Luther, 

W. Chen, R. P. Woychik, W. O. Wilkison, and R. D. Cone. Agouti protein 



228 



Physiology 



is an antagonist of the melanocyte-sliinnlnting-hormone receptor. Nature 
371:799-802,1994. 

Lyon, M. F., T. R. King. Y. Gondo, J. M. Gardner, Y. Nakatsu. E. M. Eicher, 
and M. H. BrillianL Genetic and molecular analysis of recessive alleles at 
the pink-eyed dilution (p) locus of the mouse. Proc. Natl. Acad. Sci. U. S. 
A. 89:6968-6972, 1992. 

Magenis, R. R, S. Toth-Fejel, L. J, Allen, M. Black, M. G. Brown. S. Bud- 
den, R. Cohen, J. M. Friedman, D. Kalousek, J. Zonana. D. Lacy, S. 
LaFranchi. M. Lahr, J. Macfarlane, and C. P. S. Williams. Comparison of 
(he I5q deletions in Prader-Willi and Angel man syndromes: specific re- 
gions, extent of deletions, parental origin, and clinical consequences. Am. 
J. Med. Genet. 35:333-349. 1990. 

Manne. J.. A. C. Argeson. and L. D. Siracusa. Mechanisms for the 
pleiotropic effects of the Agouti gene. Proc. Natl. Acad, Sci. U. 5. A. 92: 
4721-4724, 1995. 

Markert, C. L., and W. K. Silvers. The effects of genotype and cell environ- 
ment on melanoblast differentiation in the house mouse. Genetics 41: 
429-450, 1956. 

Melvold, R. W. Spontaneous somatic reversion in mice. Effects of parental 
genoiype on stability at the p-locus. Mutat. Res. 12:171-174, 197 1. 

Michaud, E. J.. S. J. Bultman, L. J. Stubbs, and R. P. Woychik. The embry- 
onic lethality of homozygous lethal yellow mice (A'/A*) is associated 
with the disnipiion of a novel RNA-binding protein. Genes Dev. 7:1203- 
1213.1993. 

Michaud, E. J., M. J. van Vugt, S. J. Bultman. H. O. Sweel. M. T. Davisson, 
and R. P. Woychik. Differential expression of a new dominant Agouti al- 
lele (A"rr) is correlated with methylalion state and w influenced by 
parental lineage. Genes Dev. 8:1463-1472. 1994. 

Millar, S. E., M. W. Miller, M. E. Stevens, and G. S. Barsh. Expression and 
transgenic studies of the mouse Agouti gene provide insight into the 
mechanisms by which mammalian coat color patterns are generated. De- 
velopment 1 21:3225-3232, 1 995. 

Miller, M. W.. D. M. J. Duhl. H. Vrieliiig. S. P. Cordes, M. M. Ollmann, B. 
M. Winkes, and G. S. Barsh. Cloning of the mouse Agouti gene predicts a 
secreied protein ubiquitously expressed in mice carrying the lethal yel- 
low mutation. Genes Dev. 7:454-467, 1993. 

Morse. H.C. Origins of Inbred Mice. New York: Academic Press, 1978. 

Mountjoy. K. G.. L. S. Robbins, M. T. Mortrud. and R. D. Cone. The 
cloning of a family of genes thai encode the melanocortin receptors. Set- 
ence 257:1248-1251. 1992. 

Moyer, F. H. Genetic effects on fine structure and ontogeny of mouse mela- 
nin granules. Am. Zoot. 6:43-66, 1963. 

Nakatsu, Y., R. F. Tyndale, T. M. DeLorey, D. Durham- Pierre, J. M. Gard- 
ner, H. J. McDanel, Q. Nguyen, J. Wagstaff, M. Lalande, J. M. Sikela, 
R. W. Olsen, A. J. Tobin. and M. H. Brilliant. A cluster of three GABA A 
receptor subunit genes is deleted in a neurological mutant of the mouse p 
locus. Nature 364:448-450, 1993. 

Nicholls, R. D. Genomic imprinting and uniparental disomy in Angetman 
and Prader-Willi syndromes: a review. Am. J. Med. Genet. 46:16-25. 
1993. 

Oakey. R. J., N. M. Keiper, A. S. Ching. and M. H. Brilliant. Molecular 
analysis of the cDNAs encoded by the p** and pi alleles of Lhe pink-eyed 
dilution locus. Matmn. Genome 7:315-316. 1996. 

O'Donohue, T. L., and D. M. Dorsa. The opiomelanolropinergic neuronal 
and endocrine systems. Peptides 3:353-395, 1982. 

Oetting, W. S., and R. A. King. Molecular basis of type 1 (tyrosinase-re- 
lated) oculocutaneous albinism: mutations and polymorphisms of the hu- 
man tyrosinase gene. Hum. Mutat. 2: 1-6, 1993. 

Pawelek, J. M. Proopiomelanocortin in skin: new possibilities for regula- 
tion of skin physiology. / Lab. Clin, Med. 122:627-628, 1993. 

Pellcgrino, J. E., R. E. Schnur, R. Kline, E. H. Zackai. and N. B. Spinner. 
Mosaic loss of 1 5q 1 1 q 13 in a patient with hypomelanosis of Ho: is there a 
role for the P gene? Hum. Genet. 96:485^*89, 1995. 

Perry, W., C Hustad. D. Swing, N. Jenkins, and N. Copeland. A transgenic 
mouse assay for agouti protein activity. Genetics 140:267-274, 1995. 

Prota, G. Melanins and Melanogenesis. San Diego: Academic Press, 1992. 

Ramsay, M.. M. A. Colman, G. Stevens, E. Zwane, J. Kroinberg, M. Farrall, 
and T. Jenkins. The tyrostnase-positive oculocutaneous albinism locus 
maps to chromosome 15qll.2-ql2. Am, J. Hum. Genet. 51:879-884. 
1992. 

Rinchik. E. M.. S. J. Bultman. B. Horsthemke, S. T. Lee, K. M. Strunk, 
R. A. Spriu, K. M. Avidamo. M. T. C. Jong, and R. D. Nicholls. A gene 
for the mouse pink-eyed dilution locus and for human type H oculocuta- 
neous albinism. Nature 361:72-76, 1993. 

Robbins. L. S„ J. H. Nadeau, K. R. Johnson. M. A. Kelly. L. Roselli- 
Rehfuss, E. Baack, K. G. Mountjoy, and R. D. Cone. Pigmentation phe- 



notypes of variant extension locus alleles result from point mutations that 
alter MSH receptor function. Cell 72:827-834. 1 993. 

Robinson, R. Genetics for Cat Breeders. Oxford: Pergamon Press, 1991. 

Rosemblat, S., D. Durham-PierTe, J. M. Gardner, Y. Nakatsu, M. H. Bril- 
liant, and S. J. Orlow. Identification of a melanosomal membrane protein 
encoded by the pink-eyed dilution (type H oculocutaneous albinism) 
gene. Proc. Natl. Acad. Sci U. S. A. 91:1207 1- 12075. 1994. 

Russell. E. S. A quantitative histological study of the pigment found in the 
coat color mutants of the house mouse. I. Variable attributes of the pig- 
ment granules. Genetics 3 1 :327-346. 1 946. . 

Russell, E. S. A quantitative histological study of the pigment found in the 
coat color mutants of the house mouse. 11. Estimates of the total volume 
of pigment. Genetics 33:228-236, 1948. 

Russell, E.S.A quantitative histological study of the pigment found in the 
coat-color mutants of the house mouse. HI. Interdependence among the 
variable granule attributes. Genetics 34: 133- 145, 1949a. 

Russell, E. S. A quantitative histological study of the pigment found in the 
coat-colour mutants of the house-mouse. IV. The nature of the genie ef- 
fects of five major allelic series. Genetics 34:146-166, 1949b. 

Russell, L. B.. C. S. Montgomery, N. L. Cacbeiro, and D. K. Johnson. Com- 
plementation analyses for 45 mutations encompassing the pink-eyed dilu- 
tion {p) locus of the mouse. Genetics 141:1547-1562, 1995. 

Russell, L. B., and W. L. Russell. Frequency and nature of specific-locus 
mutations induced in female mice by radiations and chemicals. A review. 
Mutat Res. 296: 107-127, 1992. 
Saitoh, S., N. Harada; Y. Jinno. K. Hashimoto, K. Imaizurm, Y. Kuroki. Y. 
Fukushima, T. Sugimoto. M. Renedo, J. Wagstaff, M. Lalande. A. Muli- 
rangura, A. Kuwano, D. H. Ledbetter, and N. Niikawa. Molecular and 
clinical study of 61 Angclman syndrome patients. Am. J. Med. Genet. 52: 
158-163.1994. 

Schauer, E., F. Trauunger. A. Kock, A. Schwarz, R. Bhardwaj. M. Simon, J. 
C. Ansel, T. Schwara, and T. A. Luger. Proopiomelanocortin-deri ved pep- 
tides are synthesized and released by human kerati oocytes. J. Clin. In- 
vest. 93:2258-2262,1994. 

Searle, A.G. Comparative Genetics of Coat Colour in Mammals. New York: 
Academic Press, 1968. 

Sidman. R. L., and R. Pearlstein. Pink-eyed dilution (p) gene in rodents: in- 
creased pigmentation in tissue culture. Dev. Biol. 12:93-1 16, 1 965. 

Siegrist, W„ D. H. Willard, W. O. Wilkison. and A. N. Eberle. Agouti pro- 
tein inhibits growth of B16 melanoma celts in vitro by acting through 
melanocortin receptors. Biochem. Biophys. Res. Commun. 218:171-175, 
J 996. 

Silver, L. M. Mouse Genetics: Concepts and Applications. New York: Ox- 
ford University Press, 1995. 

Silvers. W. K. An experimental approach to action of genes at the Agouti lo- 
cus in the mouse. III. Transplants of newborn A»~ t A-. and a'- skin lo A>-, 
A--, A-. and aa hosts. J. Exp. Zool 137: 189-196, 1958. 

Silvers. W. K, Genes and the pigment cells of mammals. Science 134:368- 
373,1961. 

Silvers, W. K. Vie Coat Colors of Mice. A Model for Mammalian Gene Ac- 
tion and interaction. New York: Springer- Verlag, 1 979. 

Silvers, W. K.. and E. S. Russell. An experimental approach to the action of 
genes at the Agouti locus in the house mouse. J. Exp. Zx>ol. 130: 199-220. 
1955. 

Siracusa, L. D. The Agouti gene: turned on to yellow. Trends Genet. 10: 
423-428, 1994. 

Siracusa, L. D., L. L. Washburn. D. A. Swing, A. C. Argeson, N. A. Jenkins, 
and N, G. Copeland. Hypervariable yellow (A**0, a new murine Agouti 
mutation: A h *' displays the largest variation in coal color phenotypes of 
all known Agouti alleles. J. Hered. 86: 121-128, 1995. 

Slominski, A., G. Ermak, J. Hwang. A. Chakraborty. J. E. Mazurkiewicz, 
and M. Mihm. Proopiomelanocortin, corticotropin releasing hormone 
and corticotropin releasing hormone receptor genes arc expressed in hu- 
man skin. FEBS Lett. 374:113-116, 1995. 

Slominski, A., R. Paus, and J. Mazurkiewicz, Proopiomelanocortin expres- 
sion in the skin during induced hair growth in mice. Experientia 48:50- 

54, 1992. . , . , 

Slominski, A., R. Paus. and J. Wortsman. On the potential role of proopi- 
omelanocortin in skin physiology and pathology. Mol Cell Endocrinol. 
93:C1-C6. 1993. 

Snell. G. D., and L. C. Stevens. Histocompatibility genes of mice. HI. H-l 
and H4, two histocompatibility loci in the first linkage group, /mmuno/- 
ogy 4:366-379, 1961. 

Sprits, R. A., K. Fukai, S. A. Holmes, and J. Luande. Frequent intragenic 
deletion of the P gene in Tanzanian patients with type 11 oculocutaneous 
albinism (OCA2). Am. J. Hum. Genet. 56:1320-1323, 1995. 



w 



Anatomy of Pigment Cell Genes at the Cellular Level 



3& .. 



Sr. 



Ml 



Stephenson, D. A., and J. E. Hornby. Gene expression at the pink-eyed dilu- 
tion (p) locus in the mouse is confirmed to be pigment cell autonomous 
using recombinant embryonic skin grafts. J. Embryo!. Exp. Morphol 
87:65-73, 1985. 

Stevens, C. J. van Beukering. T. Jenkins, and M. Ramsay. An intragenic 
deletion of the P gene is the common mutation causing tyrosinase- 
positive oculocutaneous albinism in southern African Negroids. Am. J. 
Hum. Genet. 56:586-591, 1995. 

Takeuchi, S., S. Suzuki. S. Hirose, M. Yabuuchi. C Sato, H. Yamamoto, and 
S. Takahashi. Molecular cloning and sequence analysis of the chick nw- 
lanocortin J -receptor gene. Biuchim. Biophys. Acta 1306:122-126, 1996. 

Tamale, H. B., and T. Takeuchi. Action of the e locus of mice in the re- 
sponse of phneomelanic hair follicles to alpha-melanocyte stimulating 
hormone i n vitro. Science 224: 1 24 1 - 1 242, 1 964 . 

Thody, A. J., E. M. Higgins, K. Wakamatsu, S. A. Burchill, and J. M. Marks. 
Pheo melanin as well as eu melanin is present in human epidermis. J. In- 
vest. Dermatol 97:340-344, 1991. 

Thody. A. J.. K. Ridley, R. J. Penny, R. Chalmers, C. Fisher, and S. Shuster. 
MSH peptides arc present in mammalian skin. Peptides 4X\3-$l& 1983. 

Tomita. Y., A. Takcda, S. Okinaga. H. Tagami. and S. Shibahara. Human 
oculocutaneous albinism caused by a single base insertion in the tyrosi- 
nase gene. Biochem. Biophys. Res. Commun. 164:990-996, 1989. 

Valverde. P., E Healy, I. Jackson. J. L. Rees. and A. J. Thody. Variants uf 
the melanocyte-stimulating hormone receptor gene are associated with 
red hair and fair skin in humans. Nat. Genet. 1 1 :328-330, 1 995. 

Vijayasaradhi, S.. Y. Xu, B. Bouchard, and A. N. Houghton. Intracellular 
sorting and targeting of melanosomal membrane proteins: identification 
of signals for sorting of the human brown locus protein, GP75. J. Cell 
Biol. 130:807-820, 1995. 

Vrieling, H., D. M. J. Duhl, S. E. Millar. K. A. Miller, and G. S. Barsh. Dif- 
ferences in dorsal and ventral pigmentation result from regional expres- 
sion of the mouse Agouti gene. Proe. NatL Acad. Sci. U. S. A. 91:5667- 
5671, 1994. 

Wallis, C. E.. and P. H. Beighron. Synchrony of oculocutaneous albinism, 
the Prader-Willi syndrome, and a normal karyotope. J. Med. Genet. 26: 
337-339, 1989. 

Weigel, I. The coat pattern of wild feline species and of the domestic cat 
from a comparative and evolutionary point of view. Saugertierk. Mitt 
(Suppi)% 1961. 



229 

Weisner. G. L.. C. M. Bendel, D. P. Olds, J. G. White, D. C. Arthur, D. W. 
Ball, and R. A. King. Hypupigmenliitiun in the Prader-Willi Syndrome. 
Am, J, Hum. Genet. 40:431-442, 1987. 

Willard, D. H.> W. Bodnar. C. Harris. L. Kiefer. J. S. Nichols. S. Blanchard, 
C. Hoffman. M. Moyer, W. Burkhart, J. Wetel. M. A. Luther, W. O. Wilk- 
ison, and W. J. Roc que. Agouti structure and function: characterization of 
a potent u-melanocyte stimulating hormone receptor antagonist. Bio- 
chemistry 34:12341-12346, 1995. 

Willis, M.B. Genetics of the Dog. London: HF&G Witherby, 1 989. 

Wilson, B. D., M. M. Ollmann, L. Kang, M. Stoffel, G. I. Bell, and G. S. 
Barsh. Structure and function of ASP, the human homolog of the mouse 
Agouti gene. Hum. Mot. Genet. 4:223-230, 1995. 

Wintzen, M„ and B. A. Gilchrest. Proopiomelanocortin, its derived pep- 
tides, and the skin. J. Invest. Dermatol. 106:3-10. 1996. 

Witkop, C. J. J., J. D. Niswander, D. R. Bergsma, P. L. Workman, and J. G. 
White. Tyrosinase positive oculocutaneous albinism among the Zuni and 
the Brandywine triracial isolate: biochemical and clinical characteristics 
And fertility. Am. / Phys. Anthrvpol 36:397-405, 1972. 

Witkop, C. J., Jr. Inherited disorders of pigmentation. Clin. Dermatol 
3:70-134, 1985. 

Witkop. C. J.. Jr., C. W. Hill. S. Desoick. J. K. Thies, H. L. Thorn, M. Jenk- 
ins, and J, C. White. Ophthalmologic, biochemical, platelet, and ultra- 
structural defects in the various types of oculocutaneous albinism. J. In- 
vest. Dermatol 60:443-456. 1973. 

Woolf, C. M., and F. C. Dukepoo. Hopi indians, inbreeding, and albinism. 
Science 164:30-37, 1969. 

Wright, S. Color inheritance in mammals. / Hered. 8:224-235. 1917a. 

Wright. S. Color inheritance in mammals. II. The mouse. J. Hered. 
8:375-378, 1917b. 

Wright, S. Color inheritance in mammals. V. The guinea pig. /. Hered. 
8:476-480, 1917c. 

Yen. t. T., A. M. Gill, L. G. Frigeri, G. S. Barsh, and G. L. WolfT. Obesity, 
diabetes, and neoplasia in yellow A**l- mice:ectopic expression of the 
AtfMi/igene. FASEBJ. 8:479-488, 1994. 

ZemeJ. M. B.. J. H. Kim, R. P. Woychik, E. J. Michaud, S. H. Kadwell, I. R. 
Patel, and W. O. Wilkison. Agouti regulation of intracellular calcium: 
Role in the insulin resistunee of viable yellow mice. Proa Hath Acad: Sci. 
U. 5. A. 92:4733-4737, 1995. 



W 
W 



1 



I 

w 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

^l-BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

P-COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



3.ST 



Pigment toll Reo 199% „ . t 

Printed tn Pie United Stata of America - all nghto ttaenwd 



Ptctsarr Ceu DK&uaqch 
/ssn om-sm 



o 



Original Research Article 

Effect Arbiatiim on MelamLOgeeic Proteins Sim 
Huammaini Melanocytes - 

ASHOK K CHAKRABOKTY, 1 ^ YOKO FUNASA&A/MARS KOMOTOl 1 and 

MASAMITSU ICHmASHI 1 
department of Dermatology Kobe University School of Medicine, Kobe, 650-0017, Japan; 
^Department of Dermatology, Yale University School of Medicine, New Haven, CT 06520 

The inhibitory effect of arbutin, a naturally occurring {^D-glucopyranoside derivative 
of hydroquinone, on melanogcnesis was studied biochemically by using human melano- 
cytes in culture. Cells were cultured in the presence of different concentrations of arbu- 
tin. The maximum concenfcrattion of arbutin that was not inhibitory to growth of the 
cells was 100 ug/mL At that concentration, melanin synthesis was inhibited significantly 
by ~20% after 5 days, compared with untreated cells. This phenotypic change was asso- 
ciated with the inhibition of tyrosinase and BHICA polymerase activities, and the de- 
gree of inhibition was dose dependent No significant difference in DOPAchrom<e 
tautomerase (DT) activity was observed before or after arbutin treatment. Western blot- 
ting experiments revealed there were no changes in protein content or in molecular size 
of tyrosinase, TRP-1 or TRP-2, indicating that inhibition of tyrosinase activity by arbu- 
tin might be due to effects at the post-translational level. 

Key words: Tyrosinase, TRP-1, TRP-2, DHICA polymerase, Arbutin, Melanogenesis 



INTRODUCTION 
Traditionally, research on the regulation of melanogen- 
esis has focused on factors affecting tyrosinase, which cata- 
lyzes the rate limiting step of the melanogenic pathway: 
the conversion of tyrosine to 3,4-dihydroxyphenylalanine 
(DOPA). However, recent studies have indicated that there 
are additional factors affecting other steps in this pathway, 
including the conversion of DOPAchrorne to 5,6-dihydroxy- 
indole-2-carboxylic add (DHICA) by TRP-2 (tyrosinase re- 
lated protein-2) as DOPAchrorne tautomerase (DT), the 

O oxidation of DHICA by TRP-1 (tyrosinase related protein- 
1) as DHICA oxidase; the polymerization of DHICA by 
pmell7/juwr locus protein as DHICA polymerase, stablin, 
etc (Hearing andTBukamoto, 1991; Hearing, 1998; Chakra- 
borty et al., 1996; Fawelek et aL, 1992). 

Cutaneous hyperpigmentation, including freckles and 
senile lentigines, is a common pigmentary disorder to 
humans, which becomes more prominent with aging, espe- 
cially in Japanese. Arbutin (hydroquinone-P-D-gluco- 
pyranoside) is an active ingredient of the crude drug Uvae 
Vrsi Folium and of certain herbs, and has been used in 
J span for a long time as a chemotherapeutic agent against 
such pigmentary disorders (Sugai, 1992). Since arbutin has 
a hydroquinone moiety, it would seem likely that arbutin 
acts similarly to hydroquinone, which inhibits tyrosinase 
(Chen and Chavin, 1976; Passi and Nazzaro-Porro, 1981) 
and is cytotoxic to melanocytes (Jimbow et aL, 1974; Penny 
et aL, 1984; Smith et aL, 1988). However, arbutin is much 
less cytotoxic than hydroquinone to melanocytes in culture, 



and further experiments done by Akiu et al. (1991) with 
B16 mouse melanoma cells in culture showed that the 
hydroquinone moiety may not be responsible for arbu- 
tin's action. Although hydroquinone is up to 809& effec- 
tive in the treatment of cutaneous hyperpigmentary 
disorders (Arndt and Fitzpatrick, 1965), arbutin has the 
advantage of being safer. 

Considering the importance of arbutin for its therapeu- 
tic use against melasma, freckles, senile lentigines, etc., we 
have further investigated its effects on tyrosinase related 
proteins in the melanin synthetic pathway to clarify the 
mechanism of its depigmenting action in human melano- 
cytes in culture. Such studies may enlighten the possibility 
of enhancing arbutin's effect on hyperpigmentary disorders. 

MATERIALS AND METHODS • 
Cell Culture and Treatment 
Normal human melanocytes were established in culture 
from foreskins of 18- to 40-year-old Japanese males. Mel- 
anocytes were maintained in Ham's F10 medium supple- 
mented with 6% fetal calf serum, 85 nM TPA, 0.1 mM 
IBMX, 1.0 mM insulin, and 40 ug protein/ml bovine pitu- 
itary extract (Tunasaka et al., 1992). During treatment with 
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arbutin, melanocytes were maintained in keratinocyte se- 
rum free medium (Keratinocyte SFM, GIBCO Lab., Life 
■technologies, Inc., NY) supplemented with 2 ng/ml basic 
fibroblast growth factor (bFGF, Sigma Chemical Co., St 
Louis, MO). Human melanoma cells were cultured with 
Dulbecco's modified Eagles medium supplemented with 
10% fetal calf serum as usual, and all culture media con- 
tained appropriate amounts of antibiotics, penicillin and 
streptomycin. ^ ^ . 

A stock solution of arbutin (Nippon Fine Chemical Co., 
Ltd., Osaka, Japan) was made at the concentration of 10 
mg/ml in PBS without Ca* + and Mg ++ , and was added to 
the cell culture at final concentrations of 30, 100, and 300 
ugfcil every day, every other day, or every other 2 days for 
3 and 5 days. 

Cell Proliferation Determination 

Cells were collected by minimal trypsm/EDTA treatment 
and counted with a luchs-Rosenthal cytometer 

Assay of Melanin Content 
Th e colors of cell pellets were evaluated visually, and pel- 
lets of 10« cells was solubOized by boiling in 1.0 M NaOH 
for 10 min. Spectrophotometry analysis of melanin content 
was done at 400 nm absorbance, as described previously 
(OkaetaL, 1996). 

Tyrosinase Assay 
Cell pellets were lysed in 0.1 M sodium phosphate buffer 
(pH 6.8) containing 1% Triton X-100, 1 mM phenylmethyl- 
stdfonyi fluoride, 10 u^/ml aprotinin, and 10 ugAnlleu- 
peptin. The radiometric determination of tyrosinase activity 
was performed as previously described by Pawelek (1978). 
In briei; 0.09 ml of each cell extract (20 ug of protein con- 
tent) was incubated with 0.01 ml sodium phosphate ^buffer 
(0 1 M, pH 6.8) containing 1 uCi of Lrtyrosme [nng-3,6- HJ 
(Ameraham, Buckinghanishire, England; Specie Activity 
52 CiAnmol). 5 ug of L-DOPA, and 1% Triton X-100 for 60 
min at 3rC. One ml of activated charcoal (10% w/v) m 0.1 
M citric acid was then added and specimens were centn- 
fuged for 10 min at 2,000g at 4°C. The supernatante were 
applied to 0.2 ml columns of Dowex-50 equiUbrated in OJ 
M citric acid, washed with 05 ml of 0.1 M citric add, and 
the effluents were counted by scintillation spectrometry for 
the formation of 8 H 2 0. 



DOPAchrome Tautomerase (DT) Assay 
Spectrophotometric assay of DT activity was carried out 
using DOPAchrome as substrate (Komer and Pawelek, 
1980). DOPAchrome was synthesized by mixing ice-cold L- 
DOPA (0.75 mgfrnl) in sodium phosphate buffer (0.1 M, pn 
6.8) with solid Ag*0 (30 mg AgA 1 mg L-DOPA) for about 
1 min and then filtering the mixture twice through Gelman 
Acrodisc Disposable Filters (number 4192, 0.2 urn (ham- 
eter pore). The standard assay consisted of 0.1 ml DOPA- 
chrome solution and 0,1 mg protein ceD extract in a total 
volume of 0.2 ml sodium phosphate buffer (0.1 M, pH 6.8). 
The disappearance of absorption at 476 nm was noted with 
time. Phenylthiourea (0.1 mM) was included in DT assays 



to inhibit endogenous tyrosinase » which can interfere with 
the assay. 

DHICA Polymerase Assay 
The assay was done according to Chakraborty et aL 
(1996) as described previously. The cell extract (0.6 ml, 200 
ug of protein) was passed through a wheat germ aggluti- 
nin column (1 ml bed volume) equilibrated with lysis buffer. 
The ehiate was recycled through the column 6-6 times. The 
column was washed once with NaQ (0.4 M, 0.6 ml) and 
two times with lysis buffer (0.5 ml). Bound material was 
eluted by washing twice with N-acetyl glucosamine (0.25 
ml, 1 M, in lysis buffer) and the eluates were pooled (total 
vol OS ml). The glycoprotein-enriched eluate, which con- 
tains crude DHICA polymerization factor and other mela- 
nogenic proteins, was either divided into aliquots and stored 
frozen or was further concentrated with a Centriprep Con- 
centrator. Owing to the sensitivity of DHICA to oxidants, 
all purification procedures were carried out in parallel with 
a lysis buffer blank that was then used as a control for back- 
: ground auto-oxidation in the assay. 

DHICA, obtained from John Pawelek (Yale University 
School of Medicine, New Haven), was 97% pure by HPLC 
analysis (Chakraborty et aL, 1996). DHICA was dissolved 
immediately prior to use in assays in 100 mM sodium phos- 
phate (pH 6.8), at a stock concentration of 1 mg/ml (5 mM) 
by mixing at top speed on a Vortex Genie mixer for 1-2 
min then filtering through a 0.22 am diameter filter 
(Gelman Acrodisc). The light purple color supernatant so- 
lution was stored on ice before use. 

A reaction mixture containing either the enzyme prepa- 
ration to be measured (20 ug protein from wheat germ ag- 
glutinin eluates) or the appropriate buffer blank, and 
DHICA (0.5 mM), was adjusted to 0.2 ml with 100 mM so- 
dium phosphate, pH 7.0, in a plastic multiwell plate. 
Phenylthiourea (0.1 mM) was also included to inhibit en- 
dogenous tyrosinase activity in the preparation. The reac- 
tion mixtures with appropriate controls were incubated at 
37°C and the absorbance was recorded with a spectropho- 
tometer at 400 nm for periods up to 4 h. DHICA-melanin, 
but not DHICA itselt has been shown to absorb light at 
these wavelengths (Orlow et aL, 1992). An increase in ab- 
sorbance over that seen in blank tubes was defined as spe- 
cific DHICA polymerization factor activity (Chakraborty 
etal.1996). 

Protein Determinations 
Protein content was measured using the Bio-Rad Pro- 
tein Assay Kit (Bio-Rad, Richmond, CA) with bovine se- 
rum albumin as the standard. 



Western Blotting 
Proteins from Nonidet P-407SDS (1% Nonidet P-40, 
0.01% SDS, 0.1 M Tris-HCl, pH 7.2, 100 mM phenyl- 
methylsulfonyl fluoride, 10 ugmil aprotinin, and 10 ug/ml 
leupeptin) solubiUzed cells were separated on 7.6% SDS 
gels and then transferred to polyvinyKdene difluoride mem- 
branes (ImmobDon-i; Millipore Corp., Bedford, MA). The 
membranes were blocked with 6% BSA and incubated with 
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specific peptide antisera (1:1,000 dilution). The following 
antisera were used for these experiments. Polyclonal anti- 
PEP7 and anti-PEP8 antibodies, which recognize the 
COOH termini of the albino-protein (tyrosinase) and of the 
slaty protein (TRP-2), respectively, were obtained from Dt 
V J. Hearing, National Institutes of Health, Maryland 
(Jimenez et aL, 1991; Tfeukamoto et al., 1992), and an anti- 
human TRP-1 monoclonal antibody, TA-99, was obtained 
from Dr. S. Vtfaysaradhi, Bowman-Gray School of Medi- 
cine, North Carolina (Vy aysaradhi et aL, 1990). Normal rab- 
bit serum was used as control. Subsequent visualization of 
antibody binding was carried out with Enhanced Chemilu- 
minescence (Amersham Corporation) according to manu- 
facturer's instructions. 

Statistical Analysis 
Statistical analyses of data pooled from three indepen- 
dent experiments were performed using the two-tail paired 
Pt-test with the help of STATVIEW program (Abacus Con- 
cepts, Inc., Berkeley, CA). The differences were considered 
significant if P <0.Q5. 

RESUliTS 
Cell Proliferation (Pig. 1AJB) 
Different concentrations of arbutin were tested on the 
growth of human melanoma cells and also on normal hu- 
man melanocytes. Both types of cells grew well even in the 
presence of 100 ug/ml arbutin for 6 days. However, 300 ug/ 
ml of arbutin showed cell toxicity and cells detached from 
the dishes within 48 h (data not shown). 

Melanin Formation (Fig. 2) 
Arbutin treatment at 100 u^ml concentration for 5 days 
showed a significant inhibitory effect (approximately 20%) 
on melanin formation by human melanoma cells (Fig. 2B). 
A representative pellet color is shown in Figure 2A. A 
shorter time period of treatment, 2-3 days, was also tested 
with arbutin (100 ug/ml) and some inhibition of melanin 
formation (approx 7%) was found (data not shown). Simi- 

^jar results were obtained with normal human melanocytes 

^ (data not shown). 

Tyrosinase, DT, and DHICA Polymerase Activities 
(Pigs. 3, 4) 

Assay of melanogenic proteins before and after arbutin 
treatment revealed that inhibition of melanin formation cor- 
related with inhibition of tyrosinase and DHICA poly- 
merase activities. Significant inhibition, about 40-60% 
CP<0.01), of both tyrosinase and DHICA polymerase ac- 
tivities were observed after treatment of human melanoma 
cells with arbutin at 100 ugfoal for 5 dayB. At 30 ug/ml ar- 
butin, a slight inhibition was also noticed in tyrosinase ac- 
tivity (Fig. 3). 

Tyrosinase activity of normal human melanocytes was 
inhibited to a higher degree; 40-50% (P<0.05) and 70- 
80% (P<0.01) at 30 ug/ml and 100 ug/ml of arbutin, 
respectively (Fig. 4). However, DHICA polymerase ac- 
tivity of these samples was not tested due to the pau- 
city of the material. 
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Fig. 1. Cells were counted with a Fuchs-Rosenthal cytometer af- 
ter 6 days of treatment of human melanoma cells (A) or norma) hu- 
man melanocytes (B) with or without arbutin, as described in Materials 
and Methods. 1, Control; 2, SO jig/ml arbutin; 3, 100 ug/ml arbutin. 
Results are expressed as % of control and data reported are means 
± SD of at least three determinations. 

Arbutin had no effect on DT of either type of cell at any 
dose or time point tested in these experiments (Figs. 3, 4). 

Western Blotting (Figs. 5, 6) 

Western blotting experiments demonstrated that there 
were no changes in the quality or quantity of tyrosinase, 
DT (TRP-2), or TRP-1 from human melanoma cells (Fig. 
61 and/or human normal melanocytes (Fig. 6) after treat- 
ment with 100 ug/ml arbutin for 6 days. 

DISCUSSION 
Arbutin inhibits melanin synthesis significantly within 5 
days of treatment of human melanoma cells with a dose of 
100 ug/ml (Fig. 2). This inhibition was found to correlate 
with the inhibition of tyrosinase and DHICA polymerase 
activities but without any effect on cell growth (Fig. 1). Pre- 
liminary experiments with different dosea of arbutin also 
showed concentration and time dependent inhibition of ty- 
rosinase and DHICA polymerase activities in normal hu- 
man melanocytes in culture (data not shown). However, no 
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Fie. 6. Western blotting of tyrosinase. ^ ^ ^ 

r , ^,°," " prfiawithor without arbutin treatment tor 5 days as 
S^r^X^itdSoda. 1, Control; 2, 
HcEwStal arbutin. Arrows indicate the rejn-esentatrve bands, 
M dgrKtchangea were noted. Simitar results were obtained with 
repeated experiments. 



significant changes were observed for DT ac^ty from ci- 
ther type of cells before or after treatment with arbutin. it 
should be mentioned that human melanocytes express lower 
quantities of TRP-2 (DT) than do murine melanoma cells 
(Martmez-Esparza et al., 1997). Furthermore, in human 
melanoma cells it has been reported that there is no dear 
vindication of a functional relationship between VVrA- 
Jchrome tautomerase activity and the level of pigmentation 
(Bouchard etaL, 1994). . 

We did not attempt to measure the TRP-1 acbwtyin this 
present experiment, although we believe that TRP-1 is a 
predonainant and related melanogenic protein (V^ysarafln 
et al, 1991; Jackson 1988; Jackson et al., 1990) but with 
inconclusive function. This molecule has been hypothesized 
to have differing enzymatic functions, including DH1LA 
oxidase (JimenezrCervantes et al., 1994; Kobayashi etaL, 
1994), tyrosine hydroxylase (Jimenez etaL ,1991 ,1994; Zhao 
et aL 1994), DOPA oxidase (Jimenez et aL, 1991, 1994),DH1 
oxidase (Hearing, 1993), DOPAchrome tautomerase (Win- 
der et aL, 1993), and catalase (Halaban and Moellmann, 
1990). It has also been documented that TRP-1 is a key 
component of a melanogenic complex (Orlow et al., 1994), 
which functions to stabilize tyrosinase activity in vitro 
(Hearing et aL, 1992; Winder et aL, 1994; Zhao et aL, 1996). 

Western blotting experiments did not reveal any changes 
either in protein content or molecular size of tyrosinase, 



TRP-1 




TRP-2 



Fie. 6. Western blotting of tyrosinase, TRP-1 and TRP-2 In nor- 
mal human melanocytes with or without arbutin treatment for 6 days 
as described in Materials and Methods. 1. Control; 2, SO ugM i arbu- 
tin; 3 100 ugftnl arbutin. Arrows indicate the representative bands, 
and no significant changes were noted. Similar results were obtained 
with repeated experiments. 

TRP-2, or TRP-1 (immunoblotting for Pmell7/sitoer locus 
protein as DHICA polymerase was not studied). In con- 
trast to murine melanoma cells, no correlation between ty- 
rosinase activity and mRNA in human melanocytes and 
melanoma cells has been reported by several laboratories 
(Hoganson et al., 1989; Fuller et al., 1990; Naeyaert et al., 
1991). Therefore, it appears from our results that the inhi- 
bition of tyrosinase by arbutin may be at the post-transla- 
tionalleveL 

Tyrosinase converts tyrosine to DOPAchrome which is 
converted to DHICA by DX and DHICA polymerase cata- 
lyzes the polymerization reaction of DHICA to melanin. 
We measured the effects of arbutin on the activities of these 
melanogenic proteins and found that like tyrosinase, 
DHICA polymerase activity is also inhibited by arbutin. A 
similar inhibitory effect of arbutin on tyrosinase was also 
noted by others in human melanocytes in vitro (Maeda and 
Fukoda 1996). They also found decreased production of 
melanin intermediates, DHICA (the product of DT), after 
arbutin treatment Since DHICA is a melanogenic pre- 
cursor, its intracellular level could be a directive of how 
efficiently melanin formation can occur in vivo. The intra- 
cellular level of DHICA depends not only on DT activity 
but also on availability of its substrate, DOPAchrome, as 
well. Furthermore, it was reported before that in amphib- 
ian skin and in melanoma cells, mdoleamine 2,3-dioxygenase 
(IOD) can break down indole molecules including DHICA 
and DHI, and hydroquinone stimulates that IOD activity 
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Cfoylor and Ffeng. 1991; Chatoaborty et aL, 19W- &»* 
did not find any inhibition of DT by arbutm ftedfr 
level of DHICA observed by Maeda and ffckufc 
(1996) after arbutin treatment in h ^™^^ n oRA 
could be explained by decreased mbWr of DOPA- 
chrome due to inhibition <rf tyrosinase by arbubn. although 
greased breakdown of DHICA, tin remains as one 

P °Sl»S S Nak a jima et al (1998) reported the increase 
in ^Tentktion of cultured human melanocytes afterar- 
butotreatwent. although they found uOubibon of tyros 
nase activity, and suggested a mechanism otto ^han 
tyrosinase that arbutin augments metooeenes^. They 
cSwrious possibuities, which may expto ^e observed 
Ssed melaWnesis by arbutin despite its inhjtato^ 
Xton tyrosinase. Without repeating those we can men- 
SnXt ^ observations were mth a much l^her con- 

SSon of arbutin, 2-S mM (0W m^ wher^s «ur 
e*perirner.t was designed with a dose of tw 
S to the cells, and we found M 1W ^ of arb* 
Hn is the best and safest concentration, and nigner levaa 
tari£ and detachment from dishes w«thm 48 h 

f^»ahmpnt with arbutin was rather short, 3 days, we re- 

!Tl991 Tit is possible that arbutin may also inhibit ty- 
by arbutin was reported ^ (Maeda and 

tfa* as was observe* '^^^^996)' But 

with the matA^Uon 01 m maturation of 

wa^TSe^ted in the next issmng paper. 
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ABSTRACT 

We have dete rained the complete primary structure (8031 base pairs) 
of an infectious clone of cauliflower mosaic virus strain CM1841. The 
sequence was obtained using the strategy of cloning shotgun restriction 
fragments in the sequencing vector Ml3mp7. Comparison of the CM 841 se- 
quence with that published for another CaMV strain' (Strasbourg) reveals 
4.4X changes, mostly nucleotide substitutions with a few small insertions 
and deletions. The six open reading frames in the sequence of the 
Strasbourg isolate are also present In CK1841. 

INTRODUCTION 

Cauliflower mosaic virus (CaMV) is the type member of the caulinovirus 
group, plant viruses containing circular, double- stranded DNA genomes (1). 
Since the great majority of plant viruses contain RNA genomes, CaMV has 
received considerable attention as a possible model for studying gene 
expression in plants (2) and as a potential vector for introducing foreign 
genetic material into plants (3). 

A variety of CaMV strains have been isolated that differ in both 
phenotype and nucleotide sequence, as determined by restriction endonu- 
c lease analysis (4). However, further genetic analysis has proceeded 
slowly due to the difficulty in identifying viral gene products by con- 
ventional means. For example, several In vivo transcription products 
have been Isolated, all of which are transcribed from only one of the 
DNA st ran/1 s, referred to as the o-strand (5-7). A gene product has 
been identified for only one of these transcripts. A 61-66 kilodalton 
protein found In cytoplasmic Inclusion bodies has been shown to be encoded 
by EcoRI fragments B and D of strain CM4-184 on the basis of hybridization 
and in vitro translation studies (7-9). Recently we have Identified 
the region of the genome that expresses viral coat protein antigen in 
Escherichia coll (10). 
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With the advent of DNA sequencing technology direct information about 
the primary structure of DNA can be rapidly obtained (11, 12). Proa the 
sequence, information about genomic organisation can be deduced. We 
report here the complete nucleotide sequence of an infectious clone of CaMV 
strain CM1841 obtained using a novel sequencing strategy described by 
Messing et al. (13), During the course of this work Franck et al. (14) 
published the sequence of the Strasbourg strain of CaMV, which they 
determined for DNA extracted from virus particles and sequenced by 
the chemical cleavage method of Maxam and Gilbert (11)* Their sequence 
showed the presence of six open coding regions closely spaced in the genome 
with no evidence for Intervening sequences. 

We elected to sequence an Infectious clone rather than a preparation 
of viral DNA for two reasons* Pi rat, restriction endomiclease cleavage 
patterns of viral DNA extracted from Infected plants exhibit a range of 
minor fragments, some of which may be attributable to variability in se- 
quence among the population of molecules (15-17). Secondly, CaMV viral 
DNA contains three single strand Interruptions with an unusual structure 
(18, 14) which may cause difficulties during cloning (19). Both these 
problems are overcome by sequencing an Infectious molecule that has been 
amplified in E. coll . 

The sequencing strategy we employed Involves shotgun cloning in the 
phage vector M13rap7 which contains cloning sites for fragments generated 
by a wide range of restriction endonucleases (13). This system makes It 
possible to determine the complete primary structure of large DNA' s using 
standard cloning techniques. Strategies to optimize this method of 
sequencing are discussed herein along with the presentation of the sequence 
and genetic analysis. 

MATERIALS AND METHODS 
Bacteria and Plasmids 

Plasmid pCaMVIO contains a full-length copy of CaMV strain CM 1841 
cloned at the Sail site of pBR322 (see 20). The clone is infectious, since 
typical mosaic symptoms develop when turnip leaves are inoculated with 
0.1-0.5 pg of Sall -cleaved pCaMVIO DNA. Two preparations of pCaMVIO DNA 
were used as a source of starting material for cloning and sequencing, one 
grown In E. coll strain C600 ( thl~ thr* lac" supE 44 , ref . 21), and one in 
strain CM48 ( dam- 3, dcm- 6, thr- 1, leu- 6 , thi- 6, lacY , galK 2, galT 22, ara-14, 
tonA -3 , tsx7 8, supE 44, ref. 22). Both of the preparations were shown to be 
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capable of Infecting turnip plants. 

Ml3mp7 Is a phage vector containing cloning sites for EcoRI, BamH I , 
Sail , Accl , Hindi, PstI (described in ref. 13). M13mp2 (23), M13mp5 
(a Hlndlll vector, ref. 24), and JM103, the E. coli host used to propagate 
M13 (13), have all been previously described. 
Cloning 

Restriction enzymes EcoR I , BamH I, Sail , Xhol, Accl . TaqI , Hpal l , 
Haelll, HlndTII, Bell , Bglll, Mbol , and Alul were purchased from New 
England Biolabs, Hindi (lot 2651) was purchased from Bethesda Research 
Laboratories* Sau3 A was a gift of R. Gellnaa. All restriction enzymes 
were used as recommended in the New England Biolabs catalogue. EcoR I* 
cleavage was performed In 20 mM Trls (pH 8.8), 2aM MgCl 2 » 20X glycerol, 
for 16 h at 37°C using -10 units of enzyme per ug DNA. 

Prior to restriction cleavage and cloning In Ml 3, the CaMV moiety 
of pCAMVIO was purified away from the pBK322 vector by sucrose gradient 
centrif ugation for 16 h in an SW 41 Tl rotor, and extraction of the 
faster moving band, as described In Lane and Gardner (25). When specific 
subfragments of the CM1841 genome were required, DNA fragments were ex- 
tracted from Sea Plaque agarose gels (as described In ref. 20). 

For cloning, DNA of the Ml 3 vector and CaMV were cleaved with the 
relevant restriction enzyme, extracted with phenol, and ethanol pre- 
cipitated prior to ligation. Ligation was performed in 50 mM Trls pH 
8.2, 10 mM MgCl2, 10 mM dithiothreitol , 1 mM ATP, at 4°C for -16 nr. 
T4 DNA ligase was purified by the method of Tait et al . (26). For 
ligation of cohesive -ended fragments, we used 5-10 units of ligase per 
pg DNA; for blunt-ended fragments, we used 500-1000 units ligase per ug 
DNA, and Incubated the mixture at room temperature. 

We Initially had problems with blunt-ended cloning In Ml3mp7, since 
phage DNA cleaved with Hind i and 11 gated without added CaMV DNA gave a 
large (30-40X) background of colorless plagues. However, use of one 
particular batch of Hind i (BRL lot 2651) alleviated this problem, and 
resulted in 8O-90X of the colorless plagues containing an CaMV insert. 

The size of an insert in Ml 3 was assayed by adding SDS (0.2X final 
concentration) to 10 pi of culture supernatant, followed by electrophoresis 
on agarose gels. Inserts of 100 bp or larger can be detected from the 
mobility of the asDNA. In addition, we developed a simple and rapid 
hybridization assay to identify clones. Ten pi from the culture super- 
natant b of two different clones were combined, SDS added to 0.21, and the 
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mixture incubated at 65° for 1 h. If the Inserts were complementary 
(contain the same region of DNA cloned In the opposite orientation) they 
wlH hybridize to form a "figure eight" structure that ahovs a reduced 
mobility during electrophoresis in agarose. Thus It la possible to easily 
Identify a clone In the opposite orientation froa one that already existed, 
by hybridizing the two DNAs and carrying out gel electrophoresis. Similarly, 
it Is feasible to screen a clone bank for fragments froa any region of the 
genome. The hybridizing Inserts need not be of equal sire. For example we 
have used a probe with a 3500 bp CaMV Insert to identify clones of 200 
nucleotides. Purified template DNA can also be used In this assay (see 
ref. 20). 
DNA sequencing 

Growth of MI3, purification of the esDKA templates , and the dldeoxy 
chain termination reaction conditions used in these experiments are as 
described in Howarth et al. (20). DNA polymerase I Klenow fragment waa 
purchased from New England Biolabs, Hew England Nuclear, or Bethesda Research 
Laboratories* The 15 bp synthetic primer described by Messing et al . (13) waa 
used in all the sequencing reactions. 

Computer analysis of the sequence was performed using the programs 
of Korn et al. (27). 

RESULTS AND DISCDSSIOH 
Sequencing strategy 

The restriction map of CM1841 has been established for several enzymes 
(4, 20). Initially we cloned fragments of pCaHVIO in M13 using some of these 
enzymes (BcoRI, BamHI. Sail . Xhol , Bglll, and HlndHI) , and mapped the 
inserts using restriction analysis. The DNA sequences obtained from 
these clones could then be locsted on the pCaMVIO restriction map. This 
initial step alao provided us with a series of clones covering the whole 
genome which ve could use as hybridization probes or as sources for sub- 
clones in subsequent steps. 

We next cloned fragments generated by additional restriction enzymes 
(Kbol, EcoRI*, Taql , Hpall. Raelll, Alul , and Hind i) whose cleavage sites 
on the CaMV genome were not known. We determined the sequence of clones 
chosen at random from the template bank. These clones were located on the 
CM1841 genome by comparison with the sequence already determined, or by 
comparison with the sequence of the Strasbourg strain of CaMV which had been 
published in the meantime (14). From these data, we were able to locate 
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regions of the genome which had not been sequenced in one or both orienta- 
tions. Clones covering these regions were obtained in one of three ways* 
(a) Inserts of existing subclones were recloned In the opposite orientation. 
The symmetry of the cloning sites in M13rap7 allowed this step for all 
except EcoRI* clones* (b) Subclones were made from particular regions of 
the genome using a suitable restriction endonuclease. For this purpose , 
fragments from pCaMVIO or from a suitable subclone were purified from 
agarose gels (see Materials and Methods), (c) To obtain the final se- 
quences that were lacking, we searched through an existing bank of uni- 
dentified Alul clones , using the hybridization assay to locate the required 
Insert (see Materials and Methods). 
Randomness of the shotgun cloning procedure 

The complete nucleotide sequence of Che CM1841 part of pCaMVIO has been 
determined from the sequence of over 175 different subclones (see Fig. 1). 
Sequence information has been obtained on both strands for over 881 of the 
genome. All of the sequence has been established from at least two indepen- 
dent clones and 84Z from three or more clones for each portion of the genome. 
The entire sequence of 8031 nucleotides is shown in Fig. 2. 

Table 1 shows the number of different clones generated by each restric- 
tion endonuclease. In some cases, clones were screened for size before being 
selected for sequencing, in order to obtain the particular clones which were 
required. However, for banks generated by five different restriction enzymes, 
selection of clones for sequencing was completely random. For four of these 
enzymes (EcoRI* is discussed below), we tested whether the distribution of 
clones fitted a Poisson distribution. In the case of Mbol and Alul the re- 
sults differed significantly (p<0.01), suggesting that one Mbol and one Alul 
fragment of CaMV were cloned preferentially. It Is of interest that both of 
these fragments came from the same region of the genome. The Mbol fragment 
(2333+2149) was cloned seven times, always In one orientation. The Alu l frag- 
ment (1908+1678) was cloned three times in one orientation. In addition we 
observed that repeated attempts to clone the small BamHI fragment from this 
part of the genome always resulted in clones with the fragment in the same 
orientation (2148+1926). 

We are unable to suggest a persuasive argument for the cloning frequency 
or the orientation of these fragments. It is unlikely that the clones ob- 
tained are siblings, since the transformation procedure Involves plating the 
cells in soft agar Immediately following the heat shock, i.e. there is no 
growth period. The region of the CaMV genome In question has been shown to 
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Fig. 1* Sequences used to construct the complete primary structure of 

CM841. The position of the three gaps In viral DNA are marked, 
and the map Is oriented with the origin at gap 1. Arrows show 
the length and direction of the sequences obtained from subclones. 
Thicker arrows indicate that a particular subclone was otalned 
twice or more. Arrows bounded at both ends by a stroke Indicate 
that both the start and finish of the Inserted fragment were 
Identified In the sequence. 

exhibit strong promoter activity In E. coll (28). The preferred orientation 
would result In this promoter activity being In the same direction as the 
transcription from the phage and lac promoters on M13mp7. However, we were 
able to obtain CaHV subclones containing this region in the opposite orien- 
tation using different restriction enzymes (Hlndlll. EcoRI*, Haelll). 

As shown In Table 1 , the clone bank generated by EcoR I* contributed a 
considerable portion of the complete nucleotide sequence. In addition it 
has enabled us to Identify 34 different EcoR I* cleavage sites on the CaMV 
genome, and thus deduce the recognition specificity of sites cleaved by 
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* • * • 

■XTATCAGA3 CCATCAATCj 7TTTAAAAAC CAAACTCAAG AGXTAAAAC CTCACCAAAA TACSAAAGA3 TTCTTAACTC TAAAGATAAA 90 

•ft • * 

A3ATCTTTCA AGATCAAAAC TAGTTCCCTC ACACCOCTOA CCGACAGGTT TACCACCSTA AGGTTTCAGA ACAACATCGA ATGCGTTTAC 1» 

GCCAACTTC3 ACTCTCAGCT CAAOTXTOG TACGATXTA GATCTAAAAA GATCAAGAAT CTAAGCCTTA AAAATCTTAC ATCTTATGAA 270 

•* * 

GCCITCCrCA G3AASTACCT TCTXAACAA TAAATCTCTC TGAGAATAGT ACTCTAACGA GTATCCACA5 GAAAAATAAT CTTCT3TSTT 350 

• „ 

GAGATGGATT TGrArCCACA AOAAAATACC CAAAOCGAOC AATCGCAGAA TTCTGAAAAT AATATGCAAA TATTTAACTC AGAAAATTCG *50 

OATGGATTCT CCTXGATCT AATCATCTCA AACGATCAAT TAAAAAATAT CTCTAAGACC CAATTAACTT rOGAGAAAGA AAAGATATTT 5*0 

AAAATGCCTA ACnTTATC TCU3TT»n AAAAAAGCGT TTA3CA0CAA AAACGAGATT CTTTACTCCG TCTOGACAAA AGAATTATCA 630 

STGGACATTC ACGAT3CCAC AGGTAAXTA T UUCCCTT TAATCACTAG AGAXAGATA AATAAAAGAC TTTCTAGCTT AAAACCTGAA 720 

GTCA3AAAGA TCATCTCCAT GGTTCATCTT GOLGCXTCA AAATATTXT TAAAXTCAA TTTCGAAATG OGATTGATAC CCCAATCAAA 810 

ATTCCmU TCGATGATA3 AATTUTTCT AGAAGAGATT SSHC re X TXAGCCAAA XTAATCTAC CATAOXTAA GTTTATGTTT 900 
• * * • 

Acrcrmcc ccaagtttk aataaxctt aatacccaaa gacttaacc* aaccttaagc cttattcatg attttgagaa taaaaatctt 9*> 

ATGAATAAAG GTGATAAACT TATGACCATA ACCTATATX TAXATATCC ATTAACTAAT ACTCATCATA OCATACATTA TCAATCCAAT 1090 

GCTACAATTG AACTAGAAGA CGTATTTCAA SAAATTXAA ATGTCCAGCA ATCTGACTTT TCTACAATAC AAAATGACGA ATQCAATTOG 1170 

GCCATTGATA TAGCCCAAAA CAAAOCCTTA TTAXAXTA AAACCCAATC CCAAATTGCT AATAGTCTTC AAATAGGAAA CACTGCTTCA 1260 

TCCTCTAATA CTGAAAATGA ATTAGCTAX 0TAA5CCAAA ACATAGATCT TTTAAAAAAC AAATTAAAAC ACATCTCTOG AGAATAAAAT 1350 

GAGCATTACG OCTCAACCOC A7GTTTATAA AAASGATACT ATTATTA3AC TAAAACCATT CTCTCTTAAT ACTAATAATA GAA5TTATGT WW 

OTTACrrCC TCAAAAXGA ACATfCAAAA TATAATTAAT CATCTTAACA ACCTCAATGA GATTGTAGGA AGAAGCTTAC TXGAATATC 1530 

GAAGATCAAC TCATACITX GACTAAXAA AGACCCTTCG 5AGTCGAAAT CAAAAAACCC GTCAGllIU AATACTXAA AAAACATTTT 1620 

ft ft * * 

TAA5AGTAX OC X I T S ATT ACTCGAGCCA ACTAAAXAA GTAAAATCCC TTTTAGAAGC TCAAAATACT ACAATTAAAA ATCTAGAAAA 1710 

TXAATJCAA TCCTTA3ATA ATAAGATTGA ACCAGAGOCC TTAACTAAAG AAGAAGTtAA ASAGCTAAAA GAATCCATTA ACTCCATCAA 1800 

AGAAC5ATTA AAGAA7ATTA TTG5CTGAAA TGXTAATCT TAATCAAATC CAGAAAGAAG TCTCTGAAAT CCTCACTCAC CAAAAATCCA 1890 

. ft* ft • * 

TGAAATCGGA TATAAAAGCT ATCTTAGAAT TXTAXATC CCAAAATCCT ACTAAAGAAA GCTTACAAOC CGTTOCAOCS AAAATCGTTA 1980 

* ** * 

ATGACTTAAC CAASCTCATC AATGATTGTC CTTCrAACAA AGAGATATTA GAAGCCTTAG GCAATCAGCC TAAACAOCAA CTAATAGAAC 2070 

• ** ** * 

AACCTAAAOA AAAAXCAAA XCCTTUTC TAXAAAATA TACTTAOCCC AATTAGXC3 TAQCAAATCA ACAATTAOCA TCCTCTXAA 2160 

• • • ** » • 

ACCaAAAGC TTTAACTT33 CCTTTCAAAS CTCCA0CAG3 AT03CCGAAT CAATTTTACA CAOCACCATT AAOOXTTCT GCTATAACCT 2250 

* t • • 

XSACAA2AT TGTCTCTCAC AAA3TCAATT TOACCTTATC ATAAOGTTAA TQGAACACTC CCTOACQOS GACCAAATTA TTCATCTAAC 23*0 

CICTCTACCT ACTCATAATT TXAXTOJA ACACSITATCf ACAACTACCC ACGACTCCAT .TCGUACAA TCACAATTCC TTCTACCAAT »30 

• • • * 

AXAGAAATA TCTOAASACC AAAGT3ATTC AXAGAASAA CCT0AATTC3 AACAACTTCG AATXATCGA ACAOSAQOAA COCACATTCC 2520 

CAAASAA3AA GATSTTGAAS 3ACCATCTA3 ATACAATGAO ACUASACM ACACCCCXA QGACCOCTAC TTTCCAACTC AACCAAACAC 2610 

CAHXCAOSA CAAAAvCAAA C3TCTHTC33 UTOCTCAAC ATTCACTOCC AAATCAATC3 AACAACTTTA ATOGATGATT OGGCAGCAGA 2700 

* * • * 

AATCOGATFj A TAG fC AAA* CCAACACAGA ASACTATCTT GAfCCAGAAA CAATACTACT CTTGATXU CACAAAACAT CAGGAATAQC 2790 

* * * * • 

CAACSACTfA ATCC3AAATA CAAGATXAA CCSTACTACC G5CGATATCA TAGAACAC3T GATCAATCCA ATGTACACCA TCTTCTTA3C 2880 

ACTTAACTAC TCCGACAACA AXTTOCTGA AAAGATAGAC GAOCAAGAGA A3GCCAAGAT CAGAATGAOC AAGCTCCAGC TCTTCGACAT 2970 

• * • • • • * 

aXTACCn GAAGAATUA CATGTG&TTA rCAGAACUC ATGTACAAGA OGGAAATGGC OCATTTCCCT OGATACATCA ACCAGTACCT 3060 

GTCAAAAATC CCCATCATAG GAGAAAAAGC GCTAACACGC TTTAGGCATC AAJC C AACOG AACCAOCATC TACAGCTTAG GTTTOGOQDC 3150 

AAA0ATA3M AAAGAAGAAC TATCUAAAT CrXGACTTA TCAAAGAAGC AGAAGAAGTT GAAGAAATTC AACAAGAAAT GCTXAOCAT J2%0 
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* *» • ft ft* • A * ** * 

CXrCAAXT TCAGTACAAT ATXAXCAA GAAAACATCC AAGAAGAACT ATCATAAGCG ATACAAGAAA AGATATAAX rCTATAAACC 3330 

« • * * * 

TTATAAGAAO AAGAAGAAAr TCC3ATCCGG AAAAT4CTTC AAGCCCAAAG AOAAGAAXG CTCAAAGCSA AAGIATrGCC CAAAAXCAA 3920 

* * • * 

OAAGGACTCC AGATGTTGGA TCTXAATAT CGAAXCCAT TACCCCAACG AATSTCCTAA TCCACAAAX TCXAGAAGG CTCACATCCT 3510 

* * • * * 

TCAACAAGCA GAGAATTTGG GTCTCCAGCC CGTTGAAGAA CCCTATGAAG GAGTTCAAGA ACTATTCATC TTAGAATACA AAGAASAGGA 3600 

AGAAGAAACC TCTACAGAAG AAAGCGATGA T5AATCATCT ACTTCT5AAG ACTCAGACTC AuATTGAGCA GGTGATGAAC CrCACCAATC 3590 

* * * * 

CCAATTCGAT CTACATCAAG GGAAGACTCT ACTTCAAAX ATACAAGAAG ATAGAGCTTC ACTGTTTTCT AGACACGGGA GCAAGCTTAT 3790 

GCATAQCATC CAAGTTCGTC ATACCACAAG AACATTGX7 TAATGCAGAA AGACCAATAA TCGTCAAAAT AGCACATGGA AGTTCAATTA 3370 

* 

OCATCAGCAA AGTCTGCAAA GACATA5ACT TGATCATAX CXCGAGATA TTCAAAATTC CCACCGTCTA TCAGCAAGAA AGTGGCATCG 3963 

« * • • 

ATTTCATAAT CXCAACAAC TTTrGTCAAC T3TAHAACC ATTCATACAS TTTACAGATA GAGTTATCTT CACAAAGAAC AAGTCCTATC U350 

• * * * • 

CTCrrCATAT TACGAAGCTA ACAAGACCAG TGCGAGTAX CATCGAAGGA TTTCTTGAAT CAATGAAGAA ACGTTCAAA3 ACTCAGCAAC Qli)3 

CTGAGCCGGT GAACATITCG ACAAACAAGA TAGAAAATCC ACTAGAAGAA ATT3CTATTC TTTCAGAGGG GAGGAGGTTA TCAGAAGAAA 0233 

AACTTTTCAT CACTCAACAA AGAATGCAAA AAATCGAASA ACTACTAGAG AAAGTATGTT CAGAAAATCC ATTAGATCCT AACAAGACTA 0323 

AGCAATGGAT GAAAGCTTtA ATCAAGCTCA XGACCCAAG CAAACCTATC AAGGTTAAAC CCATGAAATA CAGCCCAATG GATCGTGAAG 0010 

AATTTGACAA XAAATCAAA GAGTTACT3G ACCTTAAACT CAJTAAACCC AGT4AAAGCC CTCACATXC ACCAGCCTIC TTGGTCAACA 0503 

ATGAAGCCGA GAAGCGAASA XAAAGAAAC ZTkTZTTS'TT C A ACT AC AAA GC7ATGAACA AAGCCACCAT AGGAGACGCA TACAATCTTC 9393 

CCAACAAAGA CGAGlTACrT ACACTCATTC GAGGAAAGAA GATCTTTTCT TCCnCOACT GTUGTCCX ATTCTGGCAA GTTCTACTTG 9680 

ATCAAGAATC AAGACCTCTA ACGGCATTCA CATCTCCACA AXTCACTAC GAATGGAATG IU/IUXH1 CXCCTAAAG CAGGCACCAT 0773 

CCATATTCCA GACACACATG GACGAACCAT TTCOTGrGIT CAGAAAATTC K r TJ C & r Sl ATGTCSACCA CATCCTCGTA TTCACTAACA 9360 

* * • * 

ACGAAGAAGA TCACCTACTT CACGTAGCAA TGATCTTACA AAAGTXAAT CAACATGGAA TCATTCTTTC CAAGAAGAAA GCACAACTCT 0950 

TCAAGAAGAA GATAAACTTC CTTXTCTAG AAATAGATCA AXAACACAC AAGCCTCAAG GACATATCTT GCAACATATC AACAAATTCC 5300 

CAGATACCCT TCAAGACAAG AAGCAACTTC AGAGATTCTr AGGCATCCTA ACATATXCT CTGATTATAT CCCCAAGCTA CCTCAAATCA 51 39 

GAAAGCCTCT XAAGCCAAG CTTAAAGAAA ATCTTCCATC GAAATXACA AAOGAGGACA CCCTCTACAT GCAAAAGGTG AACAAAAATC 5223 

TGCAAGGATT TCCTCCACTA CATCATCCCT TACCAGAGGA AAAGCTGATC ATCGAGACCG ACGCATCAGA OGACTACTX GGAXTATGT 5313 

TAAAAGCTAT CAAAATTAAC GAAGGTACTA ATACCGAGTT AATTTXASA TACGCATCT3 GAAGCTTTAA AGCTXAGAA AQGAATTACC 5003 

ACAOCAATGA CAAAGACACA TTOCCCTAA TAAATACTAT AAAGAAATTC AGTATTTATC TAACTCCTGT TCATTTTCTu ATT AGO AC AG 5093 

ATAATACTCA TTTCAAGAGT TTTGTTAACC TTAATTACAA AXAGATTCA AAACTTOGAA GAAACATCAG ATOGCAAGCA TXCYtAGCC 5333 

ACTATTCGTT TGATGTTCAA CATATTAAAG GAACCGACAA CCACTTTXG GACTTCCTTT CAAGAGAATT CAATAAOGTT AATTCCTAAT 5670 

TGAAATCCGA AGATAAGATT CCCACACACT TGT3GCTGAT ATCAAAAAGG CTACTACCTA TATAAACACA TCTCTOGAGA CTGAGAAAAT 5760 

CACACCTCCA AGCATXAGA ACATAGAAAA ACTCCTCATG CAAGAGAAAA TACTAATGCT AGAGCTCGAT CTAGTAAGAG CAAAAATAAG 5650 

CTTAGCAAGA GCTAACGGCT CTTCGCAACA AOGAGACCTC CCTCTCCACC GTGAAACACC GGTAAAAGAA GAAGCAGTTC ATTCTOCACT 5?0O 

* • • * 

GGCCACTTTr ACGCCAACTC AAGTAAAGGC TATTCCAGAG CAAAOGCCTC CT3GTAAACA ATCAACAAAT CCGTTCATGG CTAGTATCTT 6030 

CCCAAAAGAT ATGAACCCAG TTCAAACTGG GATAAGGCTT GGAGTGCCAG GTCACTTTTT ACGTCCTCAT CAOGGAATTC CAATCCCACA 6123 

****** •* * A 

AAAATCTGAG CTTAGCAOCA TAGTTGCTCC TCTCAGAXA GAATCGGGTA TTCACCACCC TCATATCAAC TACTACGTTG TGTATAACGG 6210 

* * * * • 

TCCACACGCC OGTATATACG ATGAvTGGGG TTGTACAAAG GCGGCAACAA ACGGCGTTCC OGGAGTTGCA TACAAGAAGT TTGCCACTAT 6333 
• * 

TACAGAGGCA AGAGCAGCAG CTGACGCGTA CACAACAAGT CAGCAAACAG ACAGGTTGAA CTTCATCCCC AAAGGAGAAG CTCAACTCAA 6393 

GCCCAAGAGC TITCCGAAX CCTTAACCAG CCCACCAAAG CAAAAAGCCC ACTGGCTCAC SCTAOGAAC? AAAAGGCCCA CCAGTGATCC 6030 
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KXCCCUU GAGHCTCCT TTOCCCc5q4 CATOCCATC GXCCACTTTC TCTATCTCTA CCATCTAflS AGAAACTTO AOTaGUOG 6570 

iwcanoc ucticacca cxatutca gaagattaqc ctcttcaatt tcagaaaoa txtSaccca ogatoctta gaoogccta 6660 

COCSOCUST CTCATCAAGA CGMCttCCC GACT AATAAT CTCCAGGAGA TCAAATACCT TCCCUCUO GnUAGATG CACTCAAMG 6750 
ATTCAOGACT UCTOCAICA AGAACACACA GAAAGATATA TTTCTCAAGA TCAGAAGTAC TATTCCACTA TOGACGATTC AAOGCTTGCT 6840 
TCATAAACCA AOGCAACm TAGAGATTGG AG7CTCTAAG AAACTAGTTC CTACTGAATC AAAGOCCATC GAGTCAAAAA TTCAGATCGA 6930 
aaTCTAACA QUCTCOCCS TGAAGACTGG CCAACAGTTC ATACAGAGTC 7TTTACGACT CttTCACAAC AACAAAATCT TCGTCAACAT 7020 
OCIQCWCAC C*CAC?ClJc TCTACTCCAA GAATATCAAA CATXCAGTCT CA<»AGACCA AAGOGCTATT GACACTTTTC AACAAMGCT 7110 

utatcSoga aacctcctcg gattccattc cccagctatc tctcacttca tcaSaggac agtacaaaag cmoctocca cctacaaatc 7200 

CCATCATTGC GATAAAXAA AGGCTATCGT TCAAGA7GCC TCTOCCGACA CTOGTCCCAA ACATGGACCC CCAOCCAOGA GGAGCATOGT 7290 

XAAAAAGAA CACjTTCCJU CCACGTCTTC AAAGCAACTG GATTGATGTG mTCTCCAC TGACGTAAOC GATGACGCAC AATCCCACTA 7380 

TCCTTC5CAA GACCCTTCCT CTATATAAGG AAOTICATTT CATTTGGACA QGACACGCTC AAAICACCAG 1CTCTCTCTA CAAATCTATC 7*»70 

TCTCTCTATT TTCTttATAA TAATGTGTGA CTAGTTOCCA GATAAQGGAA TTA0CCTTC7 TATAQOCTTT CCCTCACGTG TTGAGCATAT 7560 

AAGAAACCCT TACrfcTGTAT TIGTATTTCT AAAATACT7C TATCAATAAA ATTTCTAAn CCTAAAACCA AAATCCACTA CTAAAATCCA 7650 

m « • • 

CATCACCTU ACTCCCTATA GATCTTTGTC CTGAATATAA ACCACACATG AGACCACTAA ACCTOGAGCC CACACCCCCT TCCAAGCTAC 7740 

AAGTA00CC7 TAXCAOGAG GCCGTTAOCG AAAAGATGCT AAOOCAQOCT TOCTTACCTT CACICCCCCC TAQGTTTGGT TTAAATATCA 7830 

TAAAGTGGAC AOGAAGACAA OGAAOGATAA CCTTOCAC3CC CC7GT0CAAO CTAACAACAT OGAAATTTGA 7ACAQGTA0C 7920 

T7ACTATACC TATACTATAC GCTAAOGGAT 0CT73TATTT TACCC7ATAC CGCCTAATAA CCCCTTATCG ATTTTAAGAA ATAATCC3CA 8010 

TAAGCCCCCO CTTAAAAAAT T 3031 



Fig. 2. The nucleotide sequence of CaMV strain CM1841. The complete 

nucleotide sequence (8031 bp) of the CaMV moiety of pCaMVIO is 
shown. The sequence is given in the positive direction (the 
direction of transcription) beginning at gap 1 (as defined in 
ref. 14). Differences between this sequence and that published 
for Strasbourg strain (14) are marked above the line: *«nucleotlde 
substitution, +»nucleotide insertion, and o-nucleotide deletion, in 
OU 841 relative to Strasbourg. 



EcoRI* under the cleavage conditions used (28a). A proportion of the EcoR I* 
cleavage sites do not contain a central AATT tetranucleotide. Fragments 
bounded by such sites thus possess cohesive termini which are not completely 
homologous to the EcoR I termini of Hl3rap2, and are obtained at considerably 
lower frequency than expected. Thus the randomness of the EcoR I* clone 
bank could not be evaluated. 
Evaluation of the sequencing method 

The distribution of subclones was sufficiently random that we were able 
to obtain sequence data covering the entire CaMV molecule* However there 
were two regions of the genome (nucleotides 750-1200, and 6950-7500) from 
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Table 1. Shotgun cloning from pCaMVIO 



Cloning 
enzyme 


Total 
possible 
fragments 


Clones 
sequenced 


Number 
different 


Repeats 


BcoRI* 


88a 


47 


31 


5,4,3.3,2,2,2,2,2, 


Mbol 


84 


39 


25 


7,4,2,2,2,2,2, 


TaqI 


62 


9 


9 




Alul 


82 


12 


9 


3,2 


Hindi 


12 


3 


3 




HlndIII p 


16 


18 


11 


4,2,2,2,2 


HaelllP 


26 


17 


8 


3.3.3,2,2,2 


HpaII p 


24 


10 


7 


2,2,2 



a 56 of these have one end "non-homologous" to the EcoR I AATT end of 
Ml3mp2 (see text). 



"Screened for size before sequencing* 

This table shows the results of the sequencing for some of the enzymes 
used to make a bank of clones from pCAMVlO. The total number of possible 
fragments (second column) Is obtained fay doubling the number of restriction 
sites In the genome (two sequences can be obtained from each site, one in 
each direction) and subtracting two or four (the starting material was linear 
at the Sail site, which eliminates two of the possible fragments for most 
enzymes, or four in the case of TaqI and Hind i). The number of different 
sequences identified (column 4) among the total number of clones (column 3) 
Is shown for each enzyme. The fifth column shows the number of times we 
obtained sequences that appeared more than once. For example, In the Mbol 
cloning, one sequence appeared 7 times, one four times, and five sequences 
appeared twice. For the lower three enzymes, choice of clones for sequencing 
was not entirely random since the Inserts were screened for size before 
sequencing. In the case of Hael H and Hpal l , only clones with large Inserts 
were sequenced. For Hindi II a representative size distribution of Inserts 
was chosen for sequencing. 

which relatively fever clones were obtained, primarily because there are 
fewer cleavage sites In these regions for the particular restriction enzymes 
that we used. This difficulty Is inherent In the method of generating tem- 
plates for sequencing by shotgun cloning of restriction fragments. We over- 
came this disadvantage by the use of the hybridization assay to identify 
desired rare clones from the bank. An alternative approach would be the pre- 



2880 



Nucleic Acids Research 



paratlon of fragments from the region in question and using these to prime 
synthesis within a large M13 insert (see ref. 29). 

Several modifications could be made to the sequencing strategy that we 
used to improve the yield of Information from each sequencing reaction. For 
example: a) the DNA to be sequenced should be circularised by ligation before 
subclonlng, so that there is an equal chance of obtaining clones containing 
all possible fragments; b) for restriction enzymes that cleave frequently, a 
partial digest should be used for cloning to reduce the number of short in- 
serts obtained; c) clone banks should be generated from as wide a range of 
restriction enzymes as Is feasible, and a small fraction of the total number 
of possible clones from each bank should be chosen for sequencing. This ap- 
proach would help to reduce the non- randomness that results from preferential 
cloning of some restriction fragments, and from the particular distribution 
of cleavage sites In the molecule for each enzyme. 

Our results show the feasibility of sequencing a medium-sized molecule 
using this approach. The method has several advantages. Sequence data can 
be produced very rapidly. The technology involved In generating templates 
for the sequencing reactions involves standard cloning methods* Once tem- 
plates have been prepared, one person can readily obtain 1000 nucleotides 
of sequence per day. More importantly, the method generates an enormous 
resource: a bank of clones of widely differing sizes (in our case from 26 
to 8031 bp) that covers the entire genome. These clones are strand specific, 
and thus of particular use as hybridization probes and for subsequent 
genetic manipulation. 

Comparison of the sequences of CM 1841 and Strasbourg 

The nucleotide sequence we have determined for Oil 841 la very similar 
to that reported for the Strasbourg strain of CaMV (14). Differences between 
the two sequences are primarily nucleotide substitutions, with only a few 
small deletions and Insertions (differences are marked in the sequence shown 
in Pig. 2). Overall the changes represent 4.4 mutations per 100 nucleotides 
(Table 2). 

The six open reading frames found in the sequence of the coding o-strand 
of Strasbourg are also present In CM1841. No frame shifts or stop cod one 
occur within any of the regions as a result of the differences in sequence. 
In contrast, several of the insertions or deletions outside the coding re- 
gions would cause frame shifts (see Table 2). Within each coding region, the 
proportion of base changes that cause a corresponding amino acid change 
(Table 2, last column) is significantly lower than expected on the basis of 
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chance (with the exception of Region II, where the difference is not statis- 
tically significant , p-0.2). Furthermore, many of the amino acid changes 
that do occur between Q11841 and Strasbourg are conservative (see Fig, 3). 
These observations provide circumstantial evidence that the reading frames 
in the nucleotide sequence code for proteins* The large ' intergenic' region 
in CM 1841, like its counterpart in Strasbourg, contains stop codons in all 
three frames and could accommodate only a small protein. 

Differences in amino acid sequence between the putative protein products 
of each of the six regions are shown in Fig, 3. Region V, the largest coding 
region, shows easily the highest degree of conservation in protein sequence. 




Fig. 3. Amino acid changes in the six coding regions. Amino acid residues 
that differ between the putative protein products of CHI 841 and 
and Strasbourg are arrayed as a linear map for each of the six 
coding regions on the genome. The CM 841 residue is given first 
In each case. 
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The two regions for which gene products have been identified, Region IV and 
Region VI (the coat protein and the inclusion body protein respectively, 
see Introduction), both show clusters of anlno acid changes , some of which 
involve potentially radical alterations. 

The overall amino acid compositions of the six coding reglonB are unusual 
In two respects. First, all six putative proteins have an unusually high 
lysine content (molar ratios of 8.6, 11.9, 11.6, 11.3, 11.2, and 9.4X, 
respectively). Secondly, both Region III and Region VI have a high proline 
content (7.1 and 6. 91). 

It may be somewhat premature to suggest a promoter function for various 
CaHV sequences, since there is little biological data to support such Identi- 
fication. In addition, although promoter sequences have been identified for 
some animal and animal virus genes (30-02), there is no corresponding data 
from plants. With these reservations, we would like to point out two strate- 
gically located examples of CaMV sequences that resemble promoter regions 
found in animals. One such sequence. Is located before the first ATC of Region 
VI, and contains both a "-70" region (nucleotides 5704-5712) and a "TATA" box 
(5729-5736). Another promoter-like sequence occurs early in Region IV. The 
"-70" region (2203-2211) end "TATA" box (2242-2246) could initiate trans- 
cription Just before the 2nd or 3rd ATC in Region IV. 

The sequence data that we have obtained for CM 1841 reveal a genetic 
organization that is very similar to that for Strasbourg strain. This simi- 
larity in organization parallels that observed previously for other DNA 
viruses: SV40 and BK (33), fd and M13 (34), and 4x174 and C4 (35). The de- 
gree of difference between the DNA and protein sequences of these viruses Is 
shown in Table 3. The two strains of CaMV are not as closely related as the 
filamentous bacteriophages fd and M13, but show much greater similarity than 
the bacteriophages 4x174 and G4, or the papovaviruses SV40 and BK. 

The two CaMV strains exhibit some biological differences and have quite 
distinct origins. CH1841 is a relatively mild strain of CaMV, Isolated 
In California in 1967 from Brasslca 8pp. (see ref , 20). It is defective In 
the ability to be transmitted by aphlds, the natural vector for CaHV (36). 
The Strasbourg strain (originally called the Milan isolate) was isolated 
In Italy by G. Contl (see ref. 4). The strain Is more severe than CM 1841 
(7), and Is ptobably aphid transmissible. We know of no reports concerning 
the serological relationship between CM1841 and the Strasbourg strain. 

It Is difficult to Identify a genetic component for any of these biolo- 
gical differences between the strains. The genetic basis of aphid trans- 
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Table 3. Sequence comparisons between related 0UA viruses 



Viruses 


Genome 
Lengths 


Sixe 
difference 


X 

nucleotide 
changes 


I 

amino add 
changes 


fd, M13 


6408, 6407 


1 


3.0 


0.6 


Cabb-S, CK1841 


8024, 8031 


7 


4,4 


3.2 


SV40, BR 


5226, 4963 


263 


31.0 


27.0 


♦xl74, G4 


5386, 5577 


191 


33.1 


34.8 



The differences between the sequences of DNA viruses that possess a similar 
genetic organisation are shown. The data are taken from references 33-35, and 
this paper. 



al88lon is unknown (see discussion of ref. 20). Recently we have shown 
that changes in Region VI can alter the severity of symptoms (37). Thus 
the cluster of changes in Region VI (Pig. 3) is an attractive candidate to 
account for differences in severity of the two strains. However symptom 
Induction is likely to have a complex genetic basis, and to be affected 
by more than one region of the genome. 

A large number of CaMV strains exist (4), and variants can be Isolated 
at high frequency (38). We believe that impure viral cultures, resulting 
from a high multiplicity of infection during mechanical transmission, and 
perhaps by aphlds in nature, has lead to the perpetuation of minor variants 
along with a major strain. We suggest that CaMV replication Is a high 
fidelity process, and is not a factor in generating the observed variability. 
Two results from the sequence data support this assertion. We have shown 
recently that most of open reading region II has been deleted from CM4-184, 
a derivative of CM1841 (20). Therefore, Region II Is clearly non-essential, 
at least for replication and cell-to-cell movement in plants in the green- 
house. We were suprlsed, therefore, to discover that the sequence of 
Region II In CM1841 did not diverge significantly from that of the Strasbourg 
strain (Table 2). We conclude that the Region II sequences in Oil 841 have 
been faithfully replicated without selection since the isolation of that 
strain in 1967. Secondly, we have obtained over 600 bp of sequence Infor- 
mation from strain CM4-184, the deletion variant derived from CM1841. The 
data Is identical to the corresponding CM1841 sequence except for an A+T 
change at nucleotide position 7649. These two strains have been indepen- 
dently propagated since 1972. 
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Stable maintenance of non-essential DNA in the CaMV genome la a pre- 
requisite to the use of this virus as a recombinant DNA vector in higher 
plants, 
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Bacteria into which nonbacterial genes have been introduced are 
able to manufacture nonbacterial proteins. Among the proteins 
made by recombinant-DNA methods are insulin and interferon 

by Walter Gilbert and Lydia Villa-Komaroff 



A": 



living cell is a protein factory. It 
synthesizes the enzymes and oth- 
■ er proteins that maintain its own 
integrity and physiological processes, 
and (in multicelled organisms) it often 
synthesizes and secretes other proteins 
that perform some specialized function 
contributing to the life of the organism 
as a whole. Different kinds of cells make 
different proteins, following instruc- 
tions encoded in the DNA of their genes. 
Recent advances in molecular biology 
make it possible to alter those instruc- 
tions in bacterial cells, thereby designing 
bacteria that can synthesize nonbacteri- 
al proteins. The bacteria are "recombi- 
nants." They contain, along with then- 
own genes, part or all of a gene from a 
human cell or other animal cell. If the 
inserted gene is one for a protein with an 
important biomedical application, a cul- 
ture of the recombinant bacteria, which 
can be grown easily and at low cost, will 
serve as an efficient factory for produc- 
ing that protein. 

Many laboratories in universities and 
in an emerging "applied genetics" indus- 
try are working to design bacteria able 
to synthesize such nonbacterial pro- 
teins. A growing tool kit of "genetic en- 
gineering" techniques makes it possible 
to isolate one of the million-odd genes 
of an animal cell, to fuse that gene with 
part of a bacterial gene and to insert 
the combination into bacteria. As those 
bacteria multiply they make millions of 
copies of their own genes and of the ani- 
mal gene inserted among them. If the 
animal gene is fused to a bacterial gene 
in such a way that a bacterium can treat 
the gene as one of its own, the bacteria 
will produce the protein specified by the 
animal gene. New ways of rapidly and 
easily determining the exact sequence 
of the chemical groups that constitute 
a molecule of DNA make it possible 
to learn the detailed structure of such 
"cloned" genes. After the structure is 
known it can be manipulated to produce 
DNA structures that function more ef- 
ficiently in the bacterial cell. 

74 



In this article wc shall first describe 
some of these techniques in a general 
way and then tell how we and our col- 
leagues Argiris Efstratiadis, Stephanie 
Broome, Peter Lomcdico and Richard 
Tizard applied them in our laboratory at 
Harvard University to copy a rat gene 
that specifies the hormone insulin, to in- 
sert the gene into bacteria and to get 
the bacteria to manufacture a precursor 
of insulin. In an exciting application of 
this technology Charles Weissmann and 
his colleagues at the University of Zu- 
rich recently constructed bacteria that 
produce human interferon, a potential- 
ly useful antiviral protein. 

DNA, RNA and Proteins 

Cells make proteins by translating a 
set of commands arrayed along a strand 
of DNA. This hereditary information 
is held in the order of four chemical 
groups along the DNA: the bases ade- 
nine, thymine, guanine and cytosine. In 
sets of threes along DNA these bases 
specify which amino acids, the funda- 
mental building blocks of proteins, are 
to be used in putting the protein togeth- 
er; the correspondence between specific 
base triplets and particular amino acids 
is called the genetic code. The part of a 
DNA molecule that incorporates the in- 
formation to specify the structure of a 
protein is called a structural gene. 

To act on this information the cell 
copies the sequence of bases from its 
genetic storehouse in DNA into another 
molecule: messenger RNA. A strand of 
DNA serves as a template for the assem- 
bly of a complementary strand of RNA 
according to base-pairing rules: adenine 
always pairs with uracil (which in RNA 
replaces DNA's thymine) and guanine 
pairs with cytosine. In animal cells tran- 
scription takes place in the nucleus of 
the cell. The messenger-RNA molecules 
carry the information out of the nucle- 
us into the cytoplasm, where a com- 
plex molecular machine translates it into 
protein by linking together the appropri- 



ate amino acids. In bacteria, which have 
no nucleus, transcription and transla- 
tion take place concurrently. The mes- 
senger RNA serves as a temporary set 
of instructions. Which proteins the cell 
makes depends on which messengers it 
contains at any given time; to make a 
different protein the cell makes a new 
messenger from the appropriate struc- 
tural gene. The DNA in each cell con- 
tains all the information required at any 
time by any cell of the organism, but * 
each cell "expresses," or translates into 
protein, only a specific small portion 
of that information. How does the cell 
know which structural genes to express? 

Along with the structural informa- 
tion, a DNA molecule carries a series of 
regulatory commands, also written out 
as a sequence of bases. The simplest 
of these commands say in effect "Start 
here" or "Stop here" both for the tran- 
scription and for the translation steps. 
More complicated commands say when 
and in which type of cell a specific gene 
should be used. The genetic code is the 
same in all cell nuclei, a given structural 
sequence specifying the same protein in 
every organism, but the special com- 
mands are not the same in bacteria and 
in animal cells. One of the most surpris- 
ing differences was discovered only in 
the past two years. The information for 
a bacterial protein is carried on a contig- 
uous stretch of DNA, but in more com- 
plicated organisms, such as pigs and 
people, the structural information is 
broken up into segments, which are sep- 
arated along the gene by long stretches 
of other DNA called intervening DNA 
or "introns." In such a cell a long region 
(often 10 times more than might be 
needed) is transcribed into RNA. The 
cell then processes this long RNA mole- 
cule, removing the sequence of bases 
that does not code for the protein and 
splicing together the rest to make a 
messenger-RNA molecule that carries 
essentially just the "start," the structur- 
al sequence and the "stop" needed for 
translation. 



To persuade a bacterium 10 make a 
nonbacterial protein one must put into 
bacteria a DNA molecule that has a se- 
quence of bases specifying the protein's 
amino acids as well as the bacterial com- 
mands for transcription and translation. 
Moreover, the inserted DNA must be 
treated by the bacterium as its own so 



that it will be duplicated as the bacteri- 
um divides. The problem thus breaks 
down into three parts: to find the right 
structural sequence (insulin's, for exam- 
ple), to place it in bacteria in such a way 
that it will be maintained as the bac- 
teria grow and then to manipulate the 
surrounding information, modifying the 



regulatory commands so that the struc- 
tural sequence is expressed as protein. 
Once the protein is made, still further 
changes in its gene or modifications of 
the bacterium may be needed to obtain 
the protein in large enough amounts to 
be useful. 
The constellation of recombinant- 
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HUMAN INTERFERON synthesized In bacteria demonstrates its 
ability to block a viral infection In this biological assay. The Structural 
information for making the protein interferon was obtained from hu- 
man white blood cells in the form of messenger-RNA molecules; the 
RNA then served as a template for the synthesis off double-strand 
molecules off copy DNA, and the DNA in turn was inserted by re- 
combwant-DNA techniques into a laboratory strain of the. bacteri- 
um Escherichia coli, which synthesized the protein. For the assay di- 
lutions of an extract of the bacteria were placed in some of the wells 
of a clear plastic tray; the other welb served as controls. (The welb 
are seen through the bottom of the tray in this photograph.) Human 
cells were added to the wells and were grown to form a layer of cells 
covering the bottom of each welL A virus preparation was then added 
to the cells. Twenty-four hours later the cell layer was stained. Where 
interferon in the extracts protected the ceils against the virus the cells 
survived and were stained. Where there was oo interferon the virus 
killed the cells and the dead cells did not pick up the stain. The con. 
trol wells in the first column at the left contain a layer of cells that 



were never exposed to the virus; they accordingly appear stained. The 
control wells in the second column contain celts that have been killed 
by the virus; they look gray or clear. The control wells in the third 
column contain dilutions of a standard laboratory sample of interfer- 
on obtained directly from human cells; the top well has the most in- 
terferon and each succeeding well has a third as much interferon as 
the well above it The wells in the next six columns hold dilutions of 
bacterial extracts from six different colonies of E coli in which inter- 
feron DNA was present Five of the six columns containing the bac- 
terial extracts show evidence of interferon activity. The third extract 
tested (Column 6) bad no detectable interferon; it apparently did not 
have a complete interferon gene. The synthesis of human interferon 
by the recombinant-DNA method was achieved by Charles Weiss- 
mann and his colleagues at the University of Zurich in collaboration 
with Kari Cantell of the Finnish Red Cross. The work was supported 
by Biogen, SA. Interferon is synthesized by many animal cells, but 
it is species-specific: only human interferon works for human be- 
ings, and it has been too scarce even for satisfactory experimentation. 
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DNA techniques for placing and main- 
taining a new gene in bacteria is called 
cloning, which in this sense means the 
isolation of a specific new DNA se- 
quence in a single organism that prolif- 
erates to form a population of identical 
descendants: a clone. There are two con- 
venient ways of doing this. In one meth- 
od a small circular piece of DNA called 



a plasm id is the vehicle for introducing 
the new DNA into the bacterium. Plas- 
mids carry only a few genes of their own 
and are maintained in several copies in- 
side the bacterium by the bacterium's 
own gene functions; they remain sepa- 
rate from the main set of bacterial genes 
carried on a circle of DNA about 1,000 
times larger. Alternatively the vehicle 



could be a virus that grows in bacteria. 
Such viruses normally have some 10 to 
50 genes of their own (a bacterium has 
several thousand genes) and can often 
carry other new DNA segments in place 
of some of their own. All the techniques 
we shall describe apply to both plasmids 
and viruses. 

A molecule of DNA resembles a very 
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PROTEINS ARB MADE in a living cell according to instructions 
encoded in Ihe cetPs genes, which consist of specific sequences of 
chemical groups (bases) strong out along a double-strand molecule 
of DNA In the celTs nucleus. The genetic code is "written" lo the 
four letters A, T, G and C, which stand respectively for the four bases 
adenine, thymine, guanine and cytosine, The code is "read" in the 
three-letter sets called codons, which specify the amino acids linked 
together in the protein chain. The order of the bases can also con- 
vey regulatory commands. In multicelled organisms the structural se- 
quence, or gene, encoding a particular protein b usually broken into 
fragments separated by long stretches of other DNA; in this diagram 



the gene fragments, called exons, are represented by the black letters 
and the intervening sequences, known as introns, by the white letters. 
The genetic information is translated into protein indirectly. First the 
entire sequence of bases is transcribed Inside the nucleus from the 
DNA to a single-strand molecule of RNA, According to the base- 
pairing rules governing transcription, adenine always pairs with ura- 
cil <(/) and guanine always pairs with cytosine. Next the RNA copies 
of the introns are excised from the message and the remaining RNA 
copies of the exons are joined together end to end. The reassembled 
strand of messenger RNA then moves from the nucleus to the cyto- 
plasm, where the actual protein- manufacturing process takes place. 
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DNA CAN BE CUT into comparatively short lengths with the aid 
of restriction endonuclcases, special enzymes that recognize specific 
base sequences at which they cause the molecule to come apart For 
example, Eco Rl, the first such enzyme discovered, recognizes a cer- 
tain six-base sequence and cuts the molecule wherever this sequence 
appears, whereas Hae UI, another restriction enzyme, operates at a 
certain four-base sequence. Since the probability of finding a partic- 
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ular four-base sequence is greater than that of finding a particular 
six-base sequence, one would expect Hae III to cut DNA more often 
than Eco R\. Accordingly one Eco R\ site and two Hoe 111 sites are 
represented in the DNA segment at the top, which corresponds to 
part of the gene coding for insulin in rat cells. The same DNA con- 
tains recognition sites for a number of other restriction enzymes, as 
is shown in the line diagram of a larger gene fragment at the bottom. 
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RECOMB1NANT-DNA TECHNIQUE lor making a protein in barteria calb for tbc insertion 
of a fragment of animal DN A that encodes tbc protein into a ptasmid, a small circular piece of 
bacterial DN A, which to turn serves as the vehicle for introducing the DN A into the bacterium. 
The plasmld DNA is cleaved with the appropriate restriction enzyme and the new DNA se- 
quence is Inserted Into the opening by means of a variety of enzymatic manipulations that con- 
nect the new DNA's ends to those of the broken plasm id circle. In the procedure Ufostratcd 
here, for example, a special enzyme, reverse transcriptase, is first used to copy the genetic inf or- 
matioB from a single-strand molecule of messenger RNA into a single strand of copy DNA. 
The RNA template is then destroyed, and a second strand or DNA is made with another en- 
zyme, DNA polymerase. Still another enzyme, SI nuclease, serves to break the covalcot linkage 
between the two DNA strands. In the nevt step the double-strand DNA is joined to the plasm id 
by first using the enzyme terminal transferase to extend the ends of the DNA with a short se- 
quence of identical bases (in this case four cytosines) and then annealing the DNA to tbc plas- 
mld DNA, to which a complementary sequence of bases (four guanines) has been added. Bac- 
terial enzymes eventually fill the gaps In the regenerated circular DNA molecule and seal the 
connection between the inserted DNA and the plasmid DNA. The particular plasmld used by 
the authors to make rat proinsulin in bacteria, designated pBRZtly incorporates two genes that 
confer resistance to two antibiotics: penicillin and tetracycline. The plasmid is cleaved by the 
restriction enzyme Pst at a recognition site that lies in the midst of the gene encoding penicillin- 
ase (the enzyme that breaks down penicillin}. The added DNA destroys this enzymatic activity, 
but the tetracycline resistance remains and is used to identify bacteria containing the plasmid. 



long, twisted thread. A bacterium has £ 
one millimeter of DNA in a continuous \ 
string of some three million bases folded 
back and forth several thousand times 
into a space less than a micron (a thou- 
sandth of a millimeter) across. In human 
cells the DNA is packed into 46 chro- ' 
mosomes, each one containing about 
four centimeters in a single piece, the 
total amount corresponding to about 
three billion bases. How can one find 
and work with a single gene only a few 
thousand bases long? Fortunately na- 
ture has devised certain enzymes (pro- 
teins that carry out chemical reactions) - 
that solve part of the problem. These 
special enzymes, called restriction endo- 
nucleases, have the ability to scan the 
long thread of DNA and to recognize . 
particular short sequences as landmarks 
at which to cut the molecule apart. 
Some 40 or 50 of these enzymes are 
known, each of which recognizes differ- 
ent landmarks; each restriction enzyme 
therefore breaks up any given DNA re- 
producibly into a characteristic set of - 
short pieces, from a few hundred to a 
few thousand bases long, which one can 
isolate by length. 

One can clone such DNA pieces in 
bacteria. As a first step one purifies the 
circle of plasmid DNA. The sequences 
of the plasmids are such that one of 
the restriction enzymes will recognize a 
unique site on the plasmid and cut the 
circle open there. One can insert a cho- 
sen DNA fragment into the opening by 
using a variety of enzymatic techniques 
that connect its ends to those of the cir- 
cle. Ordinarily this recombtnant-DNA 
molecule could not pass through the 
bacterial cell wall A dilute solution of 
calcium chloride renders the bacteria 
permeable, however; in a mixture of 
treated cells and DNA a few bacteria 
will take up the hybrid plasmid. These 
cells can be found among all those that 
did not take up the DNA if a gene on the 
plasmid provides a property the bacteri- 
um must have to survive, such as antibi- 
otic resistance. Then any bacterium car- 
rying the plasmid will be resistant to the 
antibiotic, whereas all the others will be 
killed by it. When one spreads the mix- 
ture of bacteria out on an agar plate con- 
taining nutrients and the antibiotic, each 
single bacterium with a plasmid will 
grow into a separate colony of about 
100 million celts. A single colony can be 
chosen and grown further to yield bil- 
lions of cells, each of which contains 
identical copies of the new DNA se- 
quence in a recombinant plasmid. 

The Sequencing of DNA 

The procedures we have outlined so 
far are followed in "shotgun" cloning 
experiments. One breaks up the DNA of 
an animal cell into millions of pieces 
and inserts each piece into a different 
bacterium. In this way a number of col- 
lections of all the fragments of human. 
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SEQUENCING OF DN A, in the method devised by one of the authors (Gilbert) and Allan M. 
Maxam, begins with the attachment of a radioactive label to one end or each strand of double, 
strand DNA [1% The strands of trillions of molecules are separated (2) and a preparation of one 
of the two kinds or strands is divided among four test tubes {J}. Each tube contains a chemical 
agent that selectively destroys one or two of the four bases A t T t G and C thereby cleaving the 
strand at tbe site of those bases; the reaction is controlled so that only some of the strands are 
cleaved at each of the sites where a given base appears, generating a set of fragments of differ- 
ent sizes. A strand containing three GMO, for example, would produce a mixture of three ra- 
dioactivity labeled molecules (5). The reactions tweak DNA at the Cs alone, at the G\ and tbe 
j4% at the and tbe C% and at tbe Cs alone, The molecules are separated according to 
VJfZl atctro ^ hoTtsia on a « e| i * h * shorter the molecule, tbe farther It migrates down the gel 
<tf>. The radioactive label produces an Image of each group of molecules on an X-ray film (7). 
When four films are placed side by side the Udderlike array of bands represents all tbe suc- 
cessively shorter fragments of the original strand of DNA (PX Knowing what base or pair of 
, * vras destroyed to produce each of tbe fragments, one can start at tbe bottom and read off 
a left-to-right sequence of bases {W\ wblch In turn yields the sequence of tbe second strand. 
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mouse, rat and fly DNA have been 
made. One can determine the structure 
of any one of these cloned DNA's by 
breaking up the hybrid plasmid with a 
restriction enzyme, separating the re- 
sulting DNA fragments, determining 
the base sequence of each of the frag- 
ments and then putting the sequences 
together to deduce the entire structure 
of the cloned DNA. 

There are two methods for sequenc- 
ing DNA. Both exploit reference points 
created by restriction-enzyme cleavage 
of the DNA at a specific short sequence 
and then work out the rest of the se- 
quence by measuring the distance of 
each base from that cut. They do this 
by creating a set of radioactively labeled 
molecules, each of which extends from 
the common point to one of the occur- 
rences of a specific base. When these 
molecules are separated by size and de- 
tected by their radioactivity, the length 
of the smallest one shows the position of 
the first occurrence of that base; longer 
'molecules correspond to later occur- 
rences. The pattern created by the anal- 
ysis of these molecules looks like a lad- 
der. From the positions of the rungs one 
reads off the lengths. By comparing four 
such patterns one reads off a sequence. 

One technique, devised by Allan M. 
Maxam and one of us (Gilbert), makes 
use of chemical reagents that detect the 
different chemical properties of the bas- 
es and break the DNA there. To gener- 
ate the set of fragments the reactions are 
done for a short time, so that the mole- 
cule is broken only occasionally instead 
of everywhere the base occurs; different 
molecules will be broken at different 
places. Four different sets of reagents 
are used to generate the four patterns. 
The radioactive label is attached direct- 
ly to the end of the particular restriction 
fragment one wants to sequence, so that 
only the molecules stretching from the 
labeled end to the break are detected by 
their radioactivity. 

The other sequencing method, de- 
vised by Frederick Sanger of the British 
Medical Research Council Laborato- 
ry of Molecular Biology in Cambridge, 
makes a DNA copy with an enzyme and 
stops the sequential synthesis, and hence 
the elongation of the copy, by blocking 
the movement of the enzyme at a specif- 
ic base. Here the radioactive label is in- 
corporated into the newly synthesized 
molecule in four different reactions. 
Both methods can provide the sequence 
of from 200 to 300 bases in a single ex- 
periment. One of the small plasmids in- 
volved in our cloning experiments was 
sequenced in a year by Gregory Sut- 
cliffe, who worked out the order of the 
4,357 bases on one strand and checked 
them by working out the complementa- 
ry strand. 

Any DNA region carried on a plas- 
mid can be isolated and sequenced. 
The difficulty is not in determining the 
sequence but in obtaining the specific 
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DNA fragments needed. The recombi- 
nant-DN A technique serves almost as a 
microscope to isolate and to magnify, 
by making many copies, a DNA region, 
but one does not want to look through a 
million bacteria to find a specific gene. 
The fundamental problem, which has 
no general solution, is to place only 
the desired DNA sequence — the desired 
structural gene— in a bacterium. 

Getting the Right Gene 

One straightforward approach is suit- 
able for very small proteins. The amino 
acid sequence and the genetic code will 
predict a sequence of bases that can 
specify those amino acids. One can then 
chemically synthesi2e a corresponding 
DNA molecule. Exactly this was done 
by Keiichi Itakura and his co-workers at 
the City of Hope National Medical Cen- 
ter in Duarte, Calif., who constructed a 
DNA sequence 42 bases long that dic- 
tates the structure of somatostatin, a 
small hormone consisting of 14 amino 
acids. The longer the stretch of DNA, 
however, the harder it is to make; the 
synthesis of a stretch of DNA 100 bases 
long is extremely difficult. Many small 
hormones consist of from 50 to 1 00 ami- 
no acids, and enzymes and other pro- 
teins range from 200 to several thou- 
sand amino acids in length. Further- 
more, one does not know the amino 
acid sequence of many interesting pro- 
teins. (Indeed, the amino acid sequence 
of some of these proteins has become 
available only through the sequencing 
of cloned DNA.) 

The desired structural gene is present, 
of course, somewhere on the DNA of 
the animal cell. The problem is to find 
it, but even if that were possible, the 
structural information would be broken 
up (as we mentioned above) by long 
stretches of other DNA. The informa- 
tion docs exist in a continuous form, 
however, on the messenger RN A. More 
over, different cells specialize in the syn 
thesis of different proteins, so that the 
appropriate tissue will contain the de- 
sired messenger RNA along with other 
messengers for the common proteins 
made by all cells. Insulin, for example, 
is made by the beta cells of the pan- 
creas; those cells contain insulin messen- 
ger RNA and other cells do not, even 
though the insulin gene is present in the 
DNA of every cell. 

The task is then to convert the desired 
structural information from the cell's 
messenger RNA into DNA, which can 
be cloned. For this one takes advantage 
of a special enzyme, reverse transcript- 
ase, that can copy a single strand of 
RNA to make a complementary strand 
of DNA. (The enzyme is found in cer- 
tain RNA viruses that reverse the nor- 
mal DNA-to-RNA transcription. Such 
viruses depend on RNA rather than 
DNA to carry their information from 
one cell to another and convert the RNA 




If you'd like » booklet thai tefls you mote about Lynchburg and what happens hen. drop w a fine. 

THE MOORE COUNTY JAIL is only one 
of the sights you'll see in Lynchburg, Tennessee. 

There's a lunchroom called the White Rabbit 
that used to be a tunvof-the-century saloon. 
There's a store where they sell walking-sticks, 
whittling kits and Tennessee hams. And 
naturally there's Jack Daniel Distillery 
where smoothest ppin' Tennessee Whiskey^ 
is made. If you're coming this way, 
we hope you'll spend cime in all our 
nice places. Excepting, of course, the 
Moore County Jail. 

Tennessee Whiskey • 90 Proof • Distilled and Bottled by Jack Daniel Distillery, 
Lem Motlow, Prop., Inc., Route 1. Lynchburg (Pop. 361), Tennessee 37352 
Placed in the National Register of Historic Places by the United States Government 
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back into DNA whh the help of reverse 
transcriptase after they infect a new 
cell.) One takes this strand of comple- 
mentary DNA. called copy DNA, and 
makes a second strand of DNA with 
the more usual DNA-copying enzyme. 
The resulting double-strand cDN A frag- 
ments are more or less complete copies 
not only of the desired messenger RNA 
but also of all the other messenger 
RNA's that were present in the tissue. At 
best, however, only a few of the DNA 
fragments contain all the wanted struc- 
tural information. Even in those frag- 
ments the regulatory signals that sur- 
round the structural sequences refer to 
translation in the animal cell, not in bac- 
teria, and (since the DNA was made 
from RNA) there will be no transcrip- 
tional commands. Although the cDNA 
can be cloned, two problems remain: to 
detect any clones containing the sought- 
after structural DNA fragment and to 
provide the appropriate signals. 

Finding the Right Clone 

It is simple to find the right clone if the 
experiment began with a pure messen- 
ger RNA. One can detect matching se- 
quences by the process called hybridiza- 
tion. The two strands of a DNA mole- 
cule can be separated by heating, which 
breaks the weak bonds that hold the two 
strands together without breaking the 
strong chemical bonds between bases 
along the chain. When a mixture of such 
strands is cooled, those sequences that 
match wUl find each other. The first 
step of this process is called denatura- 



tion, the second step reannealing. The 
same process serves to identify sequence 
matches between RNA and DNA. 

One grows bacterial colonies on a disk 
of cellulose nitrate paper, breaks open 
the bacterial cells where they lie and fix- 
es the released DNA to the paper. When 
the DNA is denatured and reannealed to 
radioactive RNA, only the remains of 
those colonies that contained a plasmid 
whose sequence matches the messenger 
become radioactive. Since one keeps a 
replica (a living duplicate set of the colo- 
nies), one can obtain bacteria containing 
the desired DNA. One grows these bac- 
teria to provide material to identify, in 
further hybridization tests, other clones 
that contain the same sequence in differ- 
ent surroundings and may turn out to be 
more effective in producing the wanted 
protein. 

If one cannot purify the messenger 
RNA because the specific messenger is a 
small fraction of all the messengers in a 
cell, there are other ways to search for 
the DNA sequence. One useful property 
is the detailed shape of the correspond- 
ing protein molecule. Those shapes that 
are most different and distinctive can 
be recognized by the protein molecules 
called antibodies. Animals make anti- 
bodies as part of their protective re- 
sponse to foreign substances. If one in- 
jects human insulin into a guinea pig, 
for example, the guinea pig will make 
antibodies that bind to human insulin. 
These antibodies will not bind to guinea 
pig insulin because they M see" only the 
shapes that make the human protein dif- 
ferent. A purified antibody, then, can 




RECOMBINANT PLASM IDS <«>/„) bearing the inserted animal-protein genes and genes 
for resistance to tetracycline are mixed with bacteria (/). Some cells take up the plasmid. The 
mixture of cells is spread on a culture medium containing the antibiotic {2), which kills all tbe 
tells that do not have the plasmid. The cells that have taken op tbe plasmid ore anti blotter csist- 
ant; they live, and each of them gives rise to a clone, a colony of genetically identical cells (J), 



serve as a reagent to detect a particular 
protein. (This is the way vaccines work. 
If an animal is injected with an inactivat- 
ed virus, it is stimulated to make anti- 
bodies against the viral proteins. There- 
after the antibodies will protect the ani- 
mal against infection by that virus by 
binding to the virus particle and signal, 
ing other cells to remove the invader. 
Without the earlier stimulation the anti- 
body response to the invading virus is 
too slow to block the infection.) 

Even without purifying a specific 
messenger RNA one can make the RNA 
molecules function in the test tube by 
adding the machinery needed to trans- 
late the messengers (obtained from the 
cytoplasm of broken cells) along with 
radioactive amino acids. Among the 
small amounts of radioactive proteins - 
that are synthesized one can recognize 
the protein of interest with antibodies. 
This provides a means of detecting the 
presence of a specific messenger. If one 
takes a recombinant plasmid and hy- 
bridizes it to the mixture of RNA*s, only 
the RNA that matches a sequence in 
the plasmid will anneal to it and there- 
fore no longer function in translation; 
the plasmid of interest is detected by its 
ability to block the synthesis of the de- 
sired protein. This identification can be 
verified because the RNA bound to the 
DNA can be separated from all the oth- 
er RNA's and then released from the 
DNA, whereupon it will function to di- 
rect the synthesis of the protein. 

Regulatory Signals 

With these techniques one can clone 
and identify DNA fragments carrying 
the information that dictates the struc- 
ture of a protein. Will the information 
work in bacteria? 

One must provide regulatory signals 
the bacterium can use. One of them is 
the signal to start the synthesis of a mes- 
senger RNA; in bacteria it is a region of 
DNA immediately in front of the seg- 
ment of DNA that will be transcribed 
into RNA. The second important signal 
functions as part of the messenger RNA, 
telling the bacterial translation machine 
to "Start here." All bacterial genes have 
these two kinds of start signals (some of 
which work better than others). They 
also have two stop signals, one for trans- 
lation and one for transcription. A sim- 
ple way to make the new protein se- 
quence is to cut a bacterial gene open 
in its middle with a restriction enzyme 
and to insert the new DNA there. This 
results in a hybrid protein that starts 
out as some bacterial protein and then 
continues as the string of amino acids 
one wants. That is how the chemically 
synthesized gene for somatostatin was 
made to work in bacteria. The DNA 
for those 14 amino acids, followed by a 
stop signal, was inserted near the end 
of a 1,000-amino-acid protein. After the 
bacterium made the hybrid protein the 
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CLONE CONTAINING DESIRED DNA can be found among all 
the successfully transformed clones </) by means of RNA-DNA hy- 
bridization if one has a pure messenger-UN A probe for the desired 
sequence. The cells arc broken open and their DNA is denatured and 




fixed to filter paper (A Tbc RNA probe (RN A molecules labeled with 
a radioactive isotope) is added (J\ The RNA (color) will anneal to any 
DNA whose sequence il matches, forming RNA-DNA hybrids (4); 
the remainder of the RNA is washed away. The presence of the by- 



somatostaiin part was cleaved off chem- 
ically and purified. 

Not only can the bacterial gene serve 
to provide the regulatory signals but 
also it may endow the hybrid protein 
wiih further useful properties. For ex- 
ample, a few bacterial proteins are se- 
creted through the membrane that sur- 
rounds the cell. If one inserts the animal 
DNA into the gene for such a protein, 
the bacterial part of the hybrid protein 
will serve as a carrier to move the new 
protein through the membrane so that it 
is more easily observed and purified. 

We exploited all the techniques de- 
scribed above to obtain a copy of the 
insulin gene and to insert it into bacteria 
to make proinsulin. Insulin is a small 
hormone made up of two short chains, 
one chain 20 amino acids long and the 
other 30 amino acids long. These two 
chains are initially part of a longer chain 



of 109 amino acids, called preproinsu- 
lin. As pre proinsulin is synthesized in 
the beta cells of the pancreas, the first 23 
amino acids of the chain serve as a sig- 
nal to direct the passage of the molecule 
through a cell membrane. As this hap- 
pens those amino acids are cleaved off, 
leaving a chain of 86 amino acids: proin- 
sulin. The proinsulin chain folds up to 
bring the first and last segments of the 
chain together, and the central portion is 
"cut out by enzymes to leave insulin. The 
role of the centra] portion is to align the 
two chains comprising insulin correctly. 
If the two chains are taken apart later, 
they do not reassemble easily or effi- 
ciently. (In spite of these difficulties 
Itakura and his co-workers synthesized 
two DNA fragments corresponding to 
the two chains of human insulin and 
attached them separately, like somato- 
statin, to the same large bacterial gene in 



order to synthesize two separate hybrid 
proteins in two different bacteria. Then 
they cut off the two short pieces, purified 
them and put them together to form in- 
sulin.) 

The Proinsulin Experiment 

In our experiments we started with 
a tumor of the insulin-producing beta 
cells of the rat. (We worked with rat in- 
sulin because at the time we began our 
experiments the guidelines established 
by the National Institutes of Health for 
recombinant-DN A investigations would 
not allow us to insert the human insulin 
gene into bacteria; that prohibition has 
since been removed.) 

We made DNA copies of the beta-Cell 
messenger RNA and put them into a 
plasm id, in the middle of a gene for 
a bacterial protein, penicillinase, that 
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HYBRID- ARRESTED TRANSLATION, a technique developed by 
Bryan Roberts of the Harvard Medical School, identifies a clone (top) 
containing the desired DNA even in tbe absence of a purified RNA 
probe. DNA from clones being tested (/) b denatured (}>. Un purified 
RNA (tbe same RNA used to make the inserted DNA) is added VY, it 
anneals to any matching DNA. Placed in a "translation system** con- 
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taining radioactirely labeled amino acids (4) t tbe unbybridized RNA 
directs Ibe synthesis of radioactive proteins, but the hybridized RNA 
cannot be translated; the specific protein (color) encoded by the de- 
sired DNA Is not synthesized in tbe presence of the clone containing 
that DNA (5). The presence or absence of that protein is determined 
by an antibody test Antibody to the protein, fixed to plastic beads. 
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brids is revealed by autoradiography: a photo- 
graphic emulsfon is placed on tbe filler paper 
and after exposure tbe clone containing tbe 
desired ONA is identified as a dark spot (5% 



would be secreted through the mem- 
brane of the bacterial cell. We looked 
among the bacterial colonies by hybridi- 
zation, we proved that we had the right 
hybrid plasmid by blocking the syn- 
thesis of insulin in a test tube as we 
described above and we sequenced the 
DNA to see exactly what part of the 
insulin gene we had. Once we had found 
one hybrid plasmid, we used it to find 
48 more by repeating the hybridization 
lest. These 48 clones represented 2 per- 
cent of all the clones we had made. 

Would any of those clones actually 
synthesize insulin? We looked among 
the clones containing insulin DNA for 
any that were synthesizing a hybrid pro- 
tein part of which was proinsulin. For 
this we relied on a sensitive radioactive- 
antibody test. We coated plastic disks 
with antibody directed against either in- 
sulin or penicillinase and exposed them 
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is added and binds the protein, precipitating 
the protein out of tbe solution <tf), which b 
poured off (7). Measurement of tbe precipi- 
tates* radioactivity (8) shows tbat one clone 
[top] contains the desired DNA, because it 
blocked the synthesis of tbe sped 5c protein. 




to ihe contents of cells from each clone. 
Any insulin (or penicillinase) present in 
the cells binds to the antibody and is 
thereby fixed to the plastic disks. Then 
we applied radioactively labeled anti-in- 
sulin antibody to detect the presence of 
proteins with insulin shapes. One clone 
gave positive responses, both on disks 
coated with anti-insulin and on those 
coated with antipenicillinase, to radio- 
active antibody to insulin, thereby dem- 
onstrating the presence of a penicillin- 
ase-insulin hybrid protein. 

To see if the bacteria were secreting 
the hybrid protein we grew the clone in 
liquid culture and tried to extract the 
protein by a method that does not burst 
the bacterial cell membrane. The lest 
showed the fused protein to be present 
outside the membrane: it was secreted, 
as we had hoped it would be. 

Sequencing the DNA showed that the 
DNA fragment and the details of the 
fusion were such that the structural in- 
formation in the clone was only for pro- 
insulin and did not contain the "pre" 
region. In order to make insulin we re- 
moved most of the bacteria) protein 
and the middle segment of the proinsu- 
lin with the digestive enzyme trypsin. 
Would the insulin made from the bacte- 
ria be an active hormone? Stephen P. 
Naber and William L. Chick of the El- 
liot P. Joslin Research Laboratory in 
Boston tested the molecule by showing 
that it affected the metabolism of sugar 
by fat cells, as it should. 

Improving the Yield 

The amount of proinsulin made by 
the original clone was very small; we are 
currently engaged in various manipula- 
tions to improve the yield. Regulatory 
signals must be not only efficient but 
also optimally placed. One need not be 
satisfied with the signals that happen 
to surround preexisting bacterial genes. 
With restriction enzymes one can clip 
out small DNA fragments that carry 
only the regulatory signals and tie them 
together with a DN A-linking enzyme to 
make new combinations. One can trim 
back the ends of these fragments by nib- 
bling off bases with still other enzymes 
before reconnecting them. This will al- 
ter the spacings between the signals and 
the structural sequence. Although each 
of these manipulations generates only a 
small number of correct molecules, by 
cloning after each step one can make 
large amounts of the DNA and work out 
its sequence, and then continue the tin- 
kering. 

Moreover, one can synthesize short 
desired DNA sequences and tie them to 
other fragments. For example, David V. 
Goeddel and his co-workers at Genen- 
tech. Inc., took a piece of DNA con- 
taining the structural information for 
human growth hormone (168 amino ac- 
ids), connected it to a synthetic piece of 
DNA containing part of the translation- 



al start signal and attached that combi- 
nation in turn to a fragment containing 
the rest of the regulatory signals. When 
this DNA construction was cloned, the 
bacteria made a protein of the shape (as 
recognized by antibodies) and size of 
growth hormone (although not yet with 
demonstrated hormone activity). 

Although we do not yet know the op- 
timal combinations of the DNA ele- 
ments for making insulin in bacteria, 
rinding them is only a matter of time. 
There are other problems to be consid- 
ered. Often the new animal proteins are 
broken down in the bacterial cell be- 
cause their structure is such that en- 
zymes normally present in the bacteria 
can digest them. Ways have to be found 
to stabilize the proteins either by remov- 
ing these enzymes, by embedding the 
new protein in a hybrid protein to pro- 
tect it or by secreting it from the cell. 
Messenger-RNA molecules themselves 
are often unstable within the cell; modi- 
fications in their structure and in the 
cell itself can make them more effective 
and lead to increased protein synthesis. 
And if the number of copies of the plas- 
mid carrying the gene in each cell can 



be increased, more of the product wjll 
be made. 

While we work to improve the yield of 
rat proinsulin and to purify it we expect 
to apply the same methods to the bacte- 
rial synthesis of human insulin. Inves- 
tigators in other laboratories are also 
working on the problem, and one can 
hope that eventually the manufacture of 
human insulin by bacteria will be cheap- 
er than the purification of insulin from 
pigs and cattle, ihe present sources of 
the hormone. Clearly other human hor- 
mones can also be prepared by these 
procedures. What other therapeutic pro- 
teins might be made in bacteria? In gen- 
eral any human protein that cannot be 
obtained in useful form from animals is 
an excellent prospect. 

Other Proteins from Bacteria 

Many genetic diseases are caused by 
the lack of a single protein. Replace- 
ment therapy may be possible if such 
proteins can be made in bacteria. Vac- 
cines against viral or parasitic infections 
are a further wide class of possibilities. 
Today in order to make a vaccine one 



PLASTIC DISK ANTIBODY AGAINST INSULIN 

AAAAAAAAAAAAAAAAA AA A n^AAAAAAAAAAA 



CLONE INSULIN ANTIGENS 



AAAAAAAAAAA^/ykAAAAA AAAAA AAAAA A AAA 



AAAAAAAAAA/yS/vS/AAAAA AA AAAAA AAAAA AA 



' AAAAAAAAAA/^vV^AAAAA AAAAAAAAAAAAAA 



AAAAAAAAAA^A^ykAAAAA AAAAAAAAAAAAAA 



RADIOACTIVE* ANTIBODY TEST, developed by Stephanie Broome and one of the au- 
thors (GUbert), is used to search among the bacterial clones containing insulin DNA for signs 
that insulin is Indeed being synthesized. A plastic disk coated with an anti-Insulin antibody is 
first exposed to the contents of cells from each clone (1\ Any Insulin present In the cells is 
bound to the antibody (2) and thereby fixed to the plastic disk UX Radioactively labeled anti- 
body (color) to insulin b then applied to the disk In order to detect the presence of the pro- 
tein (4 5X When the test b repeated with a plastic disk coated with an antipenlciMnase aoti- 
body* only a hybrid protein, part penicillinase and part insulin, will bind the labeled antibody. 
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must be able lo grow the disease organ- 
ism in large amounts; often this is im- 
possible or dangerous. Furthermore, the 
vaccine must be rendered harmless be- 
fore it is administered, which can be dif- 
ficult. The new technology offers the 
chance to make in bacteria only the pro- 
tein against which the antibody response 
needs to be directed. This would elimi- 
nate any need to work with the intact 
disease organism. For example, the hep- 
atitis B virus, which causes serum hepa- 
titis, cannot be grown outside the body. 
The only source of this small DN A virus 
is the blood of infected human beings. 
The DNA of the virus has now been 
cloned in several laboratories and its 
complete sequence has been worked 
out, revealing the structure of the viral 
proteins; now the proteins are being 
made in bacteria. A Rood of new infor- 
mation has resulted from this work. 

A particularly promising candidate is 
interferon, a protein cells make to block 
viral infections quickly. (The antibody 
response is much slower.) Interferon ap- 
pears to be the body's first line of de- 



fense against viruses. It may also have a 
therapeutic effect in some cancers. Inter- 
feron has never been available in suffi- 
ciently large amounts, however, to de- 
termine how effective it might really be 
in protecting against disease. The ability 
to test the activities of human interferon 
will soon be a reality because the protein 
has now been made in bacteria. Weiss- 
mann, with his colleagues Shigekazu 
Nagata, Hideharu Taira, Alan Hall, 
Lorraine Johnsrud, Michel Streuli, Jo- 
sef Ecsddi and Werner Boll, along with 
Kari Cantell of the Finnish Red Cross, 
applied many of the techniques we have 
described to clone and to express this 
protein. The problem they faced was 
that the messenger RNA for interferon 
is far rarer than the one for insulin, even 
in white blood cells that have been stim- 
ulated by infection with a virus to make 
interferon. They took messenger RNA 
from these white blood cells (17 liters at 
a time), made double-strand cDNA and 
cloned it by the procedures we have de- 
scribed. 

They looked through some 20,000 



clones (in batches) by hybridizing th e 
plasmid DNA from the clones to the 
messenger RNA of the while blood 
cells, isolating the RNA that annealed 
and checking the RNA to see if it was 
able to direct the synthesis of interfer- 
. on (not in the test tube but by injecting 
the RNA into a particularly large cell, 
a frog's egg). Fortunately interferon is 
a remarkably potent substance, and so 
the amount synthesized in the frog's egg 
could be detected by its ability to protect 
cells against viruses. 

Once Weissmann and his colleagues 
had found a batch of clones that could 
hybridize to interferon messenger RNA 
they tested progressively smaller groups 
of those clones to find the correct one. 
Then, with that clone as a probe, they 
found other clones by means of hybrid- 
ization testing. Finally they tested ex- 
tracts of the bacteria carrying the inter- 
feron DNA (inserted into the penicillin- 
ase gene) directly to see if any of the 
bacterial clones made biologically active 
interferon. A number of clones did, con- 
firming that the interferon structural 
DNA had been correctly identified. The 
sequencing of the DNA of those clones 
will determine the structure of interfer- 
on, which is still not known. 

The amount of interferon made in the 
bacteria was extremely small: only one 
or two molecules per cell. (Bacterial 
proteins are usually made in from 1,000 
to 100,000 copies per cell.) We are confi- 
dent that the methods we have described 
will solve this problem and lead to the 
production of enough interferon for 
clinical tests. 

The Recombinant-DNA Debate 

The development of the genetic-engi- 
neering techniques described in this arti- 
cle was greeted, over the past decade, 
with both excitement and alarm. The 
possible benefits of the techniques were 
obvious, but some people felt there was 
reason for concern. Biologists called for 
an evaluation of the possible hazards of 
this research; the result was an unprece- 
dented national and international effort 
in which the public, governments and 
the scientific community joined to moni- 
tor research activities. New knowledge 
about the properties of genes and the 
behavior of the bacteria used in this 
work (usually Escherichia colt) has led to 
a steady lessening of these concerns and 
to a relaxation of the guidelines thai 
once restricted such experiments. In ret- 
rospect, with the advantage of hindsight, 
the concerns about hypothetical haz- 
ards seem to have been unwarranted. 
We know of no adverse effects from 
this research. The great potential of the 
new techniques, both in promoting the 
growth of basic knowledge and in mak- 
ing possible the synthesis of products of 
direct benefit to society, is much closer 
to realization than seemed likely only a 
few years ago. 
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RAT INSUUN WAS OBTAINED by the authors from a hybrid protein com posed of part of 
the bacterial penicillinase molecule and a molecule of proinsulin, ao insulin precursor. The map 
of the plasmid thai served as a vehicle, pBRMl {a\ shows the location of the genes for the 
two enzymes conferring antibiotic resistance and the site of cleavage by the restriction enzyme 
Fit. The next map (6) shows the structure, as determined by DNA sequencing, of the recom- 
binant plasmid ui the bacterial clone that synthesized proinsulin. The proinsulin sequence {col- 
or} lies between two Pst sites that were regenerated in the Insertion process. The hybrid protein 
synthesized by the clone (c) comprises most of the penicillinase and also the proinsulin molecule 
{color); broken lines represent disulfide bonds. The authors cut away most of the penicillinase 
and the middle segment of the proinsulin {tight color) to make biologically active insulin {d\ 
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Regulation of Melanogenesis by Human Uveal Melanocytes 

in vitro 

DAN-NING HU*t STEVEN A. MCCORMICK*, SETH J. ORLOWt 
SUSANA ROSEMBLATt, and ALEXANDER Y. LIN' 

• Tissue Culture Center, Department of Pathology and Laboratory Medicine, and the Department of 
Ophthalmology, The New York Eye and Ear Infirmary, 310 E. 14th Street, New York, NY 10003 and New 
York Medical College, Valhalla, NY; $ The Ronald O. Perelman, Department of Dermatology and the 
Department of Cell Biology, New York University School of Medicine, 550 1st Ave., New York, 

NY 10016, USA. 

(Received Columbia 18 August 1996 and accepted in revised form 23 August 1996) 



The purpose of this study was to investigate factors regulating melanogenesis in cultured human uveal 
melanocytes. The effects of various substances on the melanin content, tyrosinase activity and growth 
of cultured uveal melanocytes were tested. 12-0-tetradecanoyl-phorbol-13-acetate (a protein kinase C 
activator) and various cAMP-elevating agents, including isobutylmethylxanthine. cholera toxin, and 
dibutyryl-cAMP increased melanin content per culture, tyrosinase activity and cell numbers of uveal 
melanocytes in a dose dependent manner. Basic fibroblast growth factor (tyrosine kinase activator) 
stimulated growth but did not affect melanin content per culture of uveal melanocytes in vitro. These 
results indicate that cAMP-elevating agents and protein kinase C activator stimulate melanogenesis and 
growth of cultured uveal melanocytes. Tyrosine kinase activator stimulates growth but not melanogenesis 
of cultured uveal melanocytes. © 1997 Academic Press Limited 

Key words: uveal melanocytes: melanogenesis; basic fibroblast growth factor; phorbol ester; cAMP- 
elevating agents. 



1. Introduction 

Melanin has a variety of important functions including 
a barrier function against visible light and ultraviolet 
irradiation (UVR), a potential scavenger of cytotoxic 
radicals and their intermediates, and possible par- 
ticipation in the development of neural tissues (Hear- 
ing and King. 1993). Melanin contained in uveal 
melanocytes (UM) may play an important protective 
role in the prevention of certain eye diseases related to 
UVR and visible light. (Gallagher et a!.. 1985; Tucker 
et al.. 1985; Weiteret aL. 1985; 1986;Sarna. 1992; 
Tayler et aL. 1988. 1992; Cruickshanks, Klein and 
Klein. 1993) and may be related to the pathogenesis of 
some autoimmune eye diseases (Sakamoto. Murata 
and Inomata, 1991 : Broekhuyse et al.. 1993 ; Bara et 
aL, 1995). The binding of various drugs by ocular 
melanin can affect their therapeutic and toxicological 
activities (Barber and Smith. 1957: Salazar- 
Bookaman. Wainer and Patcl. 1994). 

Despite the importance of uveal melanin, little is 
known about melanogenesis by UM in vivo or in vitro 
(Mund. Rodrigues and Fine. 1972: Endo and Hu. 
1973; Laties. 1974; Dryja et aL. 1978; Waldrep and 
Kaplan. 1986; Hu. Teramura and Mah. 1987; Eagle, 
1988; Schraermeyer. 1993: Goodall et aL, 1994). 

Address correspondence to: tDan-Ning Hu. Tissue Culture 
Center. Department of Pathology and Laboratory Medicine. The 
New York Eye and Ear Infirmary. 310 a 14th Street. New York. NY 
10003. 



We have developed methods for isolation and 
cultivation of human UM and have established many 
pure cell strains (Hu et aL, 1993a). Our previous work 
has documented that cultured human UM produce 
melanin in vitro, and that cultured UM from eyes of 
different iris color expressed different capacities for 
melanogenesis in vitro. Therefore, cultured UM are an 
excellent model system for studying melanogenesis by 
UM (Hu et aL, 1995). The growth of cultured UM. 
could be regulated by growth factors (such as basic 
fibroblast growth factor. bFGF). cAMP-elevating 
agents and protein kinase C (PKC) activators (Hu et 
aL. 1993b). In this study, the effects of various factors 
on melanogenesis by UM in vitro were investigated, 
and the significance of these results are discussed. 



2. Materials and Methods 
Reagents 

F12 nutrient mixture (F12 medium), fetal bovine 
serum (FBS). geneticin. L-glutamine. gentamicin. 
trypsin solution, and trypsin-ethylene diam- 
ine tetra acetic acid (trypsin-EDTA) solution were ob- 
tained from Gibco (New York. NY, U.S.A.). 12-0- 
tetradecanoyl-phorbol-1 3-acetate (TPA). synthetic 
melanin (prepared by oxidation of tyrosine with 
hydrogen peroxide). dibutyryl-cAMP (dbcAMP), chol- 
era toxin (CT), and isobutylmethylxanthine (ft3MX) 
were obtained from Sigma {St. Louis, MO. U.S.A.). 
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Fig. 1. Effects of bFGF and TPA on melanogenesis and growth of uveal melanocytes (UM). Cultured human UM were plated 
into the 24 well plates. Various concentrations of bFGF (A) and TPA (B) were added to the bFCF/TPA deleted medium for 
testing. After 6 days of culture, the cells were detached and counted. Melanin content was measured and expressed as melanin 
content per well or melanin content per cell. Data are averages from three wells of each group. □. Cell number: A* Melanin/cell 
(10 pg); O. Melanin/well (fi%). 



Human recombinant bFGF was obtained from 
Promega (Madison. WI. U.S.A.). 

Cell Culture 

Human UM were isolated from adult autopsy eyes 
as previously reported (Hu et a!.. 1993a). The isolated 
UM were cultured in Falcon dishes (Becton Dickinson. 
Oxnard. CA. U.S.A.) with FIC medium, which is F12 
medium supplemented with 10% FBS. 2 rnM glu- 
tamine. 20 ng ml' 1 bFGF. 0*1 mM IBMX, lOngml" 1 
CT. and 50 //g ml -1 gentamicin. Geneticin, a cytotoxic 
agent, was added (100 ^gml"') for 3-7 days when 
necessary to eliminate contaminating cells. After 
reaching confluence, the UM were detached using 
trypsin-EDTA solution, diluted 1:3-1:6, and sub- 
cultured. 

Experiments 

Melanin content and growth capacity The UM used in 
this study consisted of two cell lines isolated from the 
choroid and one cell line isolated from the iris. These 
cells had been in culture for no longer than 2 months 
and had been passaged three to six times at a dilution 
of 1:3-1:4. The purity of the cell lines was 
demonstrated by immunocytochemical methods. UM 
display S-100 antigen but not cytokeratin. whereas 
pigment epithelial cells display both proteins, and 
fibroblasts display neither of these proteins (Hu et aL 
1993a). 

The UM were plated into 24-well plates (Corning 
Glassworks. Corning. NY. U.S.A.) with FIC medium at 



a density of 2 x 10 4 cells per well. After 24 hr. the FIC 
medium was replaced with 0*5 ml of the test medium. 
The media were replaced every 3 days, and the cells 
were cultured for 6 days. 

Two base media were used to test the effect of 
various agents: 

(1) bFGF/TPA deleted medium. The base medium 
consisted of F12 medium with 10% FBS. 10 ng ml" 1 
CT. 0-1 mM IBMX, and 2 mM glutamine. bFGF (0-1. 
0*3. 1. 3. 10, 30. 100 ng ml' 1 ) was added to test the 
effects. Each of the supplemented media were added to 
UM cultures in triplicate. bFGF/TPA deleted medium 
without supplements was used in three wells as a 
control. To test the effect of TPA. the culture medium 
was changed to TIC medium (which consisted FIC 
medium with 50 ng ml" 1 TPA substituted for bFGF) 
and cells were cultured for 3 days. Cells were plated 
into 24-well plates with TIC medium. After 24 hr. the 
TIC medium was replaced with bFGF/TPA deleted 
medium. TPA (0-3, 1, 3. 10. 30. 100. 300 ngm!- 1 ) 
were added to test its effect. 

(2) cAMP deleted medium. The base medium 
consisted of F12 medium with 10% FBS. 20 ng ml'' 
bFGF. and 2 mM glutamine. Various cAMP-elevating 
agents were added to test their effects. These included 
dbcAMP (0*03. 0*1, 0*3, 1, 3 mM). IBMX (0 001. 0*01. 
01. ImM). andCT(l. 10. 100. 1000 ngml" 1 ). Each 
of the supplemented media was added to UM cultures 
in triplicate. The cAMP deleted medium without 
supplemental cAMP-elevating agents was used in 
three wells as a control. 

After 6 days, the cells were detached with trypsin- 
EDTA solution for cell counting and melanin measure- 
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Fig. 2. Effect of IBMX. CT and dbcAMP on melanogenesis and growth of UM. Cultured UM were plated into the 24-well plates 
Various concentrations of dbcAMP (A). IBMX (B) and CT (C) were added to the cAMP deleted medium for testing. After 6 days 
of culture, the cells were detached and counted. Melanin content was measured and expressed as melanin content per well or 
me anin content per cell. Data are averages from three wells of each group. □. Cell number; A. Melanin/cell (10 pg)- O 
Melanin/ well (/fg). pt> 



ment. Cells were counted in a hemocytometer. Cell 
suspensions were centrifuged, and the pellet was 
dissolved in 1 N NaOH. Melanin concentration was 
determined by measurement of optical density at 
475 nm and compared with a standard curve de- 
termined using synthetic melanin. Melanin content 
was expressed as ng cell"' and /zg culture" 1 (Hu et a!.. 
1995). 

Tyrosinase activity. The study of the effects of various 
factors on tyrosinase activities was the same as that 
for the study of melanin content with some exceptions: 
(1) UM were plated into 35 mm culture dishes at a 
density of 6 x 10 4 cells per well. (2) The concentrations 
of various test substances were: bFGF (0. 1. 
20 ng ml- 1 ). TPA (0. 3. 30 ng ml"'), dbcAMP (0, 0-1. 
1-0 mM). IBMX (0. 0-1, 1-0 mM) and CT (0 t 10. 
lOOngml" 1 ). (3) Tyrosinase activity was measured 
after 6 days in culture. 

Tyrosinase activity was evaluated using an ad- 
aptation of the Pomerantz method (Pomerantz. 1966: 
Orlow et al.. 1990). which is based on the measure- 
ment of 3 H 2 0 released by the enzymatic hydroxylation 
of tyrosine, and is expressed in units (a unit of 



tyrosinase activity was defined as the activity of 
enzyme that catalysed and hydroxylation of 1 pM of 
tyrosine/mg protein per hour). 

Student's t test was used to assess statistical 
significance. 

3. Results 

(1) bFGF/TPA-like action: UM did not survive 
when cultured with bFGF/TPA deleted medium alone. 
The cells degenerated and detached from the wells 
after several days in culture. UM grew well when bFGF 
or TPA was added. 

bFGF stimulated the growth of UM and decreased 
melanin content per cell in a dose dependent manner 
[Fig. 1(A)]. The number of cells per well increased 
significantly and melanin content per cell decreased 
significantly in bFGF concentrations ranges from 
0-1-100 ng ml' 1 . The difference of melanin content 
per cell between each level of bFGF was statistically 
significant (P < 0*01). No significant difference in the 
content of melanin per culture was demonstrated in 
the ranges of concentrations of bFGF tested (P > 005) 
[Fig. 1(A)]. There was no statistically significant 
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differences in cell number, melanin content per culture 
or melanin content per cell between the lowest 
concentration orbFGF tested (01 ng ml" 1 ) and culture 
medium without bFGF (P > 0 05). 

TPA stimulated the growth and increased melanin 
content per culture in a dose-dependent manner with 
concentrations of TPA ranging from 0*3-100 ng ml" 1 , 
a slight decrease of the growth and melanin content 
per cell occurred in with a concentration of TPA of 
300ngml" 1 [Fig. 1(B)]. The difference in melanin 
content per culture between each level of TPA was 
statistically significant (P < 0 01 between 3 and 
10 ng ml" 1 . 10 and 30 ng ml"'. 30 and 100 ng ml"' 
and 100 and 300 ng ml" 1 and 0 01 <P< 0-05 
between 0*3 and 1 ng ml" 1 and 1 and 3 ng ml" 1 ). A 
decrease in melanin content per cell was seen in the 
lowest ranges of concentration, but the difference 
between the various groups were not statistically 
significant (P > 0 05). Differences of cell number and 
melanin content per culture, or per cell between the 
lowest concentration of TPA tested (0*3 ng ml"') and 
culture medium without TPA were not statistically 
significant (P > 0*05). 

(2) cAMP action: UM cultured with medium with- 
out cAMP-elevating agents grew slowly. Addition of 
CT, IBMX or dbcAMP resulted in significant stimu- 
lation of growth and an increase in melanin content 
per culture (Fig. 2). These effects were dose-dependent 
within certain ranges (dbcAMP) from 0*03-10 mM. 
IBMX from 0 001-01 m and CT from 1-100 ng ml -1 ). 
The difference in melanin content per culture between 
various concentrations of these cAMP-elevating 
agents were statistically significant. Concentrations 
higher than the optimal levels (dbcAMP: 10 mM; 
IBMX: 0-1 mM; and CT: lOOngml" 1 ) usually inhi- 
bited growth significantly, but melanin content 
remained unchanged^ No significant difference of 
content in melanin per cell could be found at the 
various concentrations tested. Differences in cell 
number, melanin content per culture or per celt 
between the lowest concentration of dbcAMP 
(003 mM). IBMX (0*001 mM). orCTd-O ng ml"-)and 
culture medium without cAMP-elevating agents were 
not statistically significant (P > 0*05). 

(3) Tyrosinase activity: Tyrosinase activity of UM 
cultured with 1 ng ml" 1 and 20 ng ml" 1 of bFGF were 
slightly less than UM cultured with bFGF/TPA deleted 
medium (P> 0 05 at 1 ngml" 1 . 0-01 < P < 0 05 at 
20 ng ml-) [Fig. 3(A)]. 

Tyrosinase activities of UM cultured with 3 ngml~' 
and 30 ng m!~* of TPA were significantly higher than 
UM cultured with bFGF/TPA deleted medium (P < 

0 01 at 30ngml" 1 . 0*01 < P < 0-05 at 3 ng ml" 1 
[Fig. 3(A)). 

Tyrosinase activities of UM cultured with IBMX and 
dbcAMP were significantly higher than those cultured 
without cAMP-elevating agents (P < 0*01 at IBMX 

01 mM and 1*0 mM, and at dbcAMp 10 mM; 0-01 < 
P < 0*05 at dbcAMP 01 mM) [Fig. 3(B)]. Tyrosinase 
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Fic. 3. Effect of bFGF and TPA (A) and various cAMP 
elevating agents (B) on tyrosinase activity of cultured UM. 
Cultured human UM were plated into 35 mm dishes. Various 
concentrations of bFGF (0, 10. 20 ng ml- 1 ) and TPA (0. 3 0. 
30 ng ml -1 ) were added to the bFGF/TPA deleted medium 
and various concentrations of cAMP elevating agents were 
added to the cAMP deleted medium (dbcAMP and IBMX: 0. 
0*1. 1*0 mM; CT: 0, 1*0, lOOngml" 1 ). After 6 days of 
culture, the cells were detached. Tyrosinase activity was 
measured by an adaptation of Pomerantz method, and 
expressed at units (a unit of tyrosinase activity was defined 
as the activity of enzyme that catalysed and hydro xylation of 
1 pM of tyrosine/mg protein per hour). □. 0; 0. Low 
concentration; 13. High concentration. 

activities of UM cultured with CT (l Ongml 1 and 
lOOngml -1 ) were also higher than those cultured 
without cAMP-elevating agents, but the differences 
were not statistically significant (P > 0 05) [Fig. 3(B)]. 



4. Discussion 

Abnormalities of quantity or quality of uveal 
melanin occur in a number of pathologic processes 
(Hu. 1983; Green. 1986; King. Townsend and 
Otteing, 1993; Orlow. 1994), Development of certain 
eye diseases may be related to exposure to visible and 
UV light, such as age-related macular degeneration, 
senile cataract and intraocular melanoma. Uveal 
pigmentation could protect intraocular tissues from 
irradiation and may play a role in the prevention of 
such disorders (Gallagher et al., 1985; Tucker et al.. 
1985; Weiteretal.. 1985. 1986;Sarna. 1992:Tayler 
et al., 1988. 1992; Cruickshanks et al.. 1993). 
Purified uveal melanin can induce experimental 
autoimmune uveitis and may play a role in the 
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pathogenesis of acute anterior uveitis, sympathetic 
ophthalmia and Vogt-Koyanagi-Harada syndrome 
(Sakamoto et al., 1991; Broekhuyseet al., 1993;Bara 
et a!. t 1995). Accumulation of various drugs by ocular 
melanin could govern their therapeutic and toxi- 
cological activities (Barber and Smith. 1957: Salazar- 
Bookaman et al.. 1994). 

Although melanin of UM may have an important 
role in the physiology, pharmacology, pathology and 
toxicology of the eye, little is known about factors 
regulating melanogenesis by UM in vivo or in vitro. 
Controversy exists concerning the melanogenic and 
growth capacities of adult UM in vivo (Mund et al.. 
1972; Endo and Hu. 1973; Laties, 1974: Dryja et al.. 
1978; Eagle. 1988; Schraermeyer. 1993; Goodall et 
a!.. 1994). 

In experimental animals, tyrosinase activity and 
melanosomes in early stages of maturation (Stage II 
and III) have been found in the iris of some adolescent 
animals, indicating that some degree of melanogenesis 
and turnover of melanin occurs in the eye of some 
adult animals (Endo and Hu. 1973; Laties. 1974; 
Schraermeyer. 1993; Varela et al., 1995). 

In humans, iridal pigmentation is generally as- 
sumed to be stable past infancy. However, careful 
review of follow up data of eye color on a group of twin 
pairs accumulated in the Louisville Twin Study reveals 
that, in 10-20% of individuals, the extent of iridial 
pigmentation remains variable through adolescence 
(Carino et al., 1994). Therefore, the change of uveal 
pigmentation may be more frequent than once 
supposed. 

Since the first method for culturing human epi- 
dermal melanocytes (EM) was conceived, mariy investi- 
gators have used these cells as a model to study factors 
regulating melanogenesis of EM (DeLuca et al., 1988; 
Herlyn et al.. 1988: Bennett. 1989; Gordon. Mansur 
and Gilchrest. 1989: Brooks. Birch and Hart, 1990; 
Halaban and Moellmann. 1990; Halaban et al 
1993). 

UM differ from EM in many respects. EM con- 
tinuously synthesize and transfer melanin to kera- 
tinocytes. and keratinocytes elaborate mitogens which 
stimulate the growth of EM. There is no definite 
evidence indicating that normal adult UM actively 
transfer melanin in vivo, and the UM remain relatively 
stationary throughout life. In ocular albinism, depig- 
mentation occurs in the eye but not in the skin (King 
et al.. 1993). indicating that melanogenesis of UM 
involves a pathway different from that of the skin. 
Therefore, independent investigations of UM are 
necessary. 

We have developed a method for isolation and 
cultivation of pure cultures of human UM (Hu et al., 
1993a). UM could be maintained in special culture 
medium for long periods with 40-50 divisions. 
Cultured UM produced melanin and expressed tyro- 
sinase activity in vitro. UM from eyes of different iris 
colors expressed different capacities for melanogenesis 
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in vitro (Hu et al.. 1995). Therefore, cultured UM 
could be an excellent model for studying melano- 
genesis by UM. 

In the present studies, three parameters (melanin 
content per cell, melanin content per culture and 
tyrosinase activity) were used to evaluate the effect of 
various substances on melanogenesis in cultured UM. 
An important concept for consideration is which 
parameter is most meaningful to evaluate melano- 
genesis of UM in vitro. Tyrosinase activity is an 
important factor, but not the sole factor in determining 
the rate of melanin production (Hu et al.. 1995). 
Measurement of melanin content is more direct and 
meaningful. Melanin content per culture is more 
important than melanin content per cell for two 
reasons. First, melanin content per cell in cultured UM 
is not only determined by the production of melanin, 
but also by the growth rate. In stationary cells, the 
melanin produced accumulates within the cell and 
results in a rapid increase of melanin content per cell 
(accumulation effect). In growing cells, the melanin is 
diluted to daughter cells during division and results in 
a rapid decrease of melanin content per cell (division- 
dilution effect). If the melanin production rate equals 
the rate of dilution, the melanin content per cell will 
remain unchanged. In rapidly growing cells, if the 
dilution rate is greater than that of melanin pro- 
duction, melanin content per cell will decrease (Hu et 
al.. 1995). Secondly, from the clinical viewpoint, 
pigmentation is a function of total melanin dispersed 
throughout the tissue, not of either the melanin 
content in a given melanocyte or the melanin 
production rate (Gordon et al.. 1989). Therefore, 
melanin content per culture is used as the main 
parameter for evaluating the effect of various sub- 
stances on melanogenesis of UM in vitro. 

bFGF had a marked growth stimulating effect on 
cultured UM. followed by a secondary decrease of 
melanin content per cell (division-dilution effect). No 
significant difference of melanin content per culture 
has been observed in UM cultured with different levels 
of bFGF. indicating that bFGF may not affect melano- 
genesis in UM. bFGF activates various second mess- 
enger systems in different cells, but most probably 
stimulates the tyrosine kinase system in melanocytes 
(Halaban and Moellmann. 1990). 

Previous reports on the effect of TP A on growth and 
melanogenesis in cultured EM and cutaneous mela- 
noma cells have been conflicting (Huberman. 
Heckman and Langenbach, 1979: DeLuca et al.. 
1988; Herlyn et al., 1988; Bennett. 1989; Gordon et 
al.. 1989: Brooks et al.. 1990: Halaban and 
Moellmann. 1990; Halaban et al.. 1993). Generally 
speaking. TPA stimulates the growth of EM and 
inhibits the growth of melanoma. TPA inhibits 
melanogenesis of murine melanoma cells and stimu- 
lates melanogenesis in human EM and cutaneous 
melanoma. In the present study, using melanin 
content per culture as the indicator. TPA stimulated 
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growth and melanogenesis in a dose-dependent man- 
ner. The effects of TP A on melanin content per cell are 
influenced by the stimulating effect of TPA on 
melanogenesis (the primary effect, which resulted in 
an increase of melanin content per cell) and by the 
secondary effect of growth stimulation (which resulted 
in a decrease of melanin content per cell). The increase 
of melanin content per cell by the melanogenesis 
stimulating effect of TPA is approximately equal to or 
slightly less than the decrease of melanin content per 
cell caused by the division-dilution effect secondary to 
growth stimulation. Therefore, the melanin content 
per cell slightly decreased or remains unchanged white 
the concentrations of TPA increased from 0*3 ng ml -1 
to 300 ng ml" 1 . 

TPA is a tumor-promoting agent and a protein 
kinase C (PKC) activator. The effect of TPA on 
melanocytes has been attributed to its tumor- 
promoting properties (Huberman . et al.. 1979). 
However, another phorbo! ester which activates PKC 
but does not promote tumor formation (Sapintoxin A) 
also stimulates the growth of EM (Brooks et aL, 1990). 
Furthermore, a PKC activating phorbo! ester (4-^- 
phorbol didecanoate) stimulates the specific reaction 
of cultured EM, but an inactive isomer (4-a-phorbol 
didecanoate) failed to stimulate growth of EM 
(Pittelkow and Shipley, 1989). These results indicate 
the effect of TPA on the melanocytes seems to depend 
on the activation of PKC (Pittelkow and Shipley. 
1989: Brooks et al., 1990; Halaban and Moellmann. 
1990). 

In the present studies, three different cAMP- 
eievating agents were selected to represent three 
different mechanisms for increasing intracellular 
cAMP level. dbcAMP is capable of penetrating the cell 
membrane and raising the intracellular cAMP level 
directly. IBMX raises the intracellular cAMP level by 
inhibiting cAMP phosphodiesterase. CT raises the 
cAMP level by activating adenylate cyclase, which 
catalyses the synthesis of cAMP from intracellular 
ATP. All three substances produced a marked increase 
of melanin content per culture in cultured UM. 
indicating that elevating the intracellular cAMP level 
has the effect of stimulating melanogenesis in UM. 
This result is consistent with previous reports that 
cAMP-elevating agents stimulate melanogenesis of EM 
and cutaneous melanoma cells in vitro (Wade and 
Burkart. 1978; Abdel-Malek. 1987; Bennet, 1989; 
Halaban et al., 1993). 

The effects of cAMP-elevating agents on the growth 
and melanogenesis of the UM parallelled one another. 
The melanogenesis stimulating effect of cAMP- 
elevating agents is dose-dependent within a defined 
range of concentrations. Melanin content per culture 
remains the same or slightly decreases when the 
concentration is higher than the optimal concen- 
tration. 

In the present study. TPA and cAMP-elevating 
agents increased tyrosinase activity of UM, while bFGF 



slightly decreased (20ngml _l ) or did not affect 
tyrosinase activity (1 ng ml -1 ). These results paralleled 
their effects on melanin content per culture of UM in 
vitro. 

The effects of bFGF. TPA and cAMP-elevating agents 
represent the effects of three important second mess- 
enger systems (tyrosine kinase system. PKC system 
and cAMP system) on melanogenesis in UM. Many 
growth factors, hormones, neurotransmitters and 
inflammatory mediators act on cells through these 
second messenger systems. Therefore, cultured UM 
could be used to study the effects and mechanisms of 
these factors on melanogenesis in UM. These studies 
are valuable for understanding the behavior of UM 
under physiologic and pathologic conditions in vivo. 
For example, studies on cultured UM may help to 
elucidate such phenomenon as the iris depigmentation 
seen in Horner's syndrome and Fuchs' heterochromic 
cyclitis and the increased pigmentation that has been 
observed in hypopigmented regions of some hetero- 
chromic irides of glaucomatous eyes after long-term 
treatment with a prostaglandin F2a analogue (Camras 
et al., 1994; Watson and Stjernschantz. 1994). 
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§kin Orgam GtiaStoire Model for Examining 
Epidermal MelamzattSoim 
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To clarify the regulatory mechanism of skin pigmentation 
through epidermal proliferation and differentiation, organ 
cultures ofpigmented guinea pig skins have been studied for 
their melanogenic responses to exogenous stimuli. Melano- 
genic activity was measured by both tyrosinase activity as- 
sessed by observing release of 3 H 3 0 from tissue after incuba- 
tion with 3 H-tyrosine and melanin synthesis, indicated by the 
incorporation of w C-2-thiouracil into tissue, Those skin ex- 
plants that were maintained in serum-free media under air 
conditions equilibrated with 5% CO a . 50% 0 2 . and 45% N 2 
formed new, chemically analyzable pigment in the tissue 
within 4 d of culture. This melanization was accompanied by 
an increased number of melanocytes as well as by enhanced 
tyrosinase activity and elevated melanin synthesis. This 
organ culture system responded well to known tyrosinase 
inhibitors such as phenylthiourea, which decreased melano- 
genic activity. Of the arachidonic acid metabolites tested, 



PGEa, LTQ, LTB 4 , and 5-HETE were found to signifi- 
cantly stimulate melanogenic activity as indicated by tyrosin- 
ase activity, whereas PGF 2 -alpha l 12-HETE, and 1 5-HETE 
did not. Among several known growth factors, only bFGF 
significantly stimulated melanogenesis in the organ cultured 
melanocytes. TGF-alpha, which increased DNA synthesis, 
had a slightly stimulating effect on melanogenesis, whereas 
TGF beta, which inhibited DNA synthesis, did not stimulate 
melanogenesis, but rather slightly decreased it. 8- 
methoxypsoralen + ultraviolet A -treated skin that under-, 
went a marked pigmentation within 14 d in vivo demon- 
strated enhanced melanogenesis in the organ culture system 
in proportion to its in vivo pigmentation. Our organ culture 
system might provide an opportunity to examine the mecha- 
nism of Action of epidermal melanization. J Invest Dermatol 
1 00:41 -5'4; A 993 




kin color is maintained by the constant presence of mela- 
nin in the epidermis. In the normal steady state, the mass 
of melanin within the epidermis is well regulated by a 
constant rate of production by melanocytes and by degra- 
_ darion by kerarinocytes through the kerarinization pro- 

cess. Melanin synthesis within melanocytes is genetically controlled 
by the activity of the key enzyme tyrosinase f 1,2], which is generally 
thought to parallel the amount of melanin produced J3.4]. Upon 
stimulation such as ultraviolet (UV) irradiation (5 -8] or allergic 
contact dermatitis [9], melanocytes increase in number, overpro- 
duce the melanin polymer, and transfer it through their dendrites to 
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TGF: transforming growth factor 
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surrounding epidermal cells, resulting in cutaneous hyperpigmen- 
tation. The mechanisms underlying the epidermal hypcrpigmen ca- 
tion caused by several inflammations are thought to be associated 
primarily with the proliferation and differentiation of melanocytes 
15 -7). However, little is known about the factors responsible for the 
hyperpigmentation that frequently occurs after UVB, 8- 
methorypsoralen + UVA (PUVA), or UVA exposures [5,6]. Re- 
cently, studies have shown that kerarinocytes make a large contri- 
bution to the proliferation or differentiation of melanocytes 
through mediators such as growth factors [10,1 1] or prostaglandins 
(PG) [12-14]. However, there is little evidence to suggest the mode 
of action of epidermal melanogenic stimulation because there is no 
suitable in vitro system to examine the process of hyperpigmentation 
in the epidermal unit. Such an in vitro system might provide an 
opportunity to examine the process of hyperpigmentation under 
conditions of experimental interest that would be impossible in vivo. 
We describe here an organ culture model that appears to maintain 
stimulated melanin formation that can be easily detected by skin- 
color change as well as by biochemical activities related to melano- 
genesis. 

MATERIALS AND METHODS 

Materials [*H]dThd ([rnethyl- 3 H] dThd, 2 Ci/mmol) and [ 3 H] ty- 
rosine (l-[3,5- 3 H]tyrosinc, 40-60 ci/mmol) were purchased from 
New England Nuclear (Boston, MA). [ I4 C] thiouracil ([2- ,4 Cj 
thiouracil, 2 Ci/mmol) was obtained from Muromachi Chemical 
Co. (Tokyo* Japan). Hydrocortisone, 8-methoxypsoralcn (8- 
MOP), phenylthiourea (PHTU), alpha-mclanocyte- stimulating 
hormone (alpha-MSH), djbutyryl cyclic adenosine monophosphate 
(db-cAMP), and human epidermal growth factor were purchased 
from Sigma Chemical Co. (St. Louis, MO). PGEj, PGF-^alpha, 
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Fi*n« 1 Correlation between nmol of hydroxytated tyrosine and incorpo- 
«S^cltWo^ca in skin organ culture and B-16 melanoma cciU. Assays 
were caScd iS 4 d ajTh. respectively, under several condmoas of 
skin organ culture and B-16 melanoma cell culture. 
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leukotriene (LT)C 4 . LTB 4 . 5-HETE; 12-kFTC. and ]^HEto| 
were obtained from Cayman Chemical (Ann Arbor, Michigan).^ 
Human growth factors including platelet-derived growth factorj 
(PDGF), transforming growth factor (TGF)-aIpha f and TGF-beta| 
were purchased from Biomedical Technologies Inc. (Stoughtoo,* 
MA). Human recombinant basic fibroblast growth factor (FGF) was 
obtained from Boehringer Mannheim Biochemicals (Maimheun,. 
Germany). Human IL-1 and recombinant IL-6 were obtained from; 
Wako Chemical Co. (Tokyo, Japan). 

Preparation of Ex pi ants Organ cultures of guinea pig s*" 1 ^"^ 
established from a tortoiscshell guinea oig weighing 200 g. Flank^ 
skin was removed with a keratotome that excluded the hair bulb.i 
Discs were taken from each skin sample with a 3-mm- diameter 
biopsy punch. The discs were washed in Eagle's mirumum essential 
medium (MEM) (Grand Island Biological Co.. Grand Island NY); 
containing 50 /ig/ml chloramphenicol, then put in a diffusion 
chamber composed of a milipore filter with a 0.22-pm pore size 
This assembly was placed in a culture tube containing 2 ml of nu- 
trient medium (see below). This tube was rotated at 37 "C an< 
15 rpm under the air* conditions equilibrated with 5% CO a , 50%) 
0„and45%N a . J 
PUVA Treatment The animals received 4.2 rag/kg bodi 
weight of 8-MOP in 30% ethanol intraperitoneal ly. Thirty minute 




Figure 2. A) The appearance of pigmentation 
after 4 d of skin organ culture in comparison 
with non-culture. B) Hematoxylin and eosm 
section of organ cultured skin after 4 d. 
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jS^hf after administration, they were exposed for 5 rain to UVA of 3.1 
'01' mW/cm 2 at 365 tun (1 MPD » 3.5 j/cm 2 ), emitted from Toshiba 

FL20BLB tamps. Degrees of pigmentation were evaluated accord- 
f0 ing to the following scale; —, no reaction; ±, minimal visible pig- 

mentation; +, moderate pigmentation; ++, intense, deep pigmen- 

Nutrient Medium The nutrient medium was prepared from 
Eagle's MEM containing 4 mM gluramine, 1 00 units/ml penicillin, 
M% iOO^g/ml streptomycin, and 20 mM Heoes (pH 7.3). In addition, 
S|- the medium was supplemented with hydrocortisone (0.4 /ig/rol) 
and epidermal growth factor (1 ng/ml). 

tyrosinase Activity Tyrosinase activity was assayed according 
lib the method of Oikawa tt al (15). Briefly, 3 H-tyrosinc was added 
the medium ar^a concentration of 1 //Ci/ml throughout the 
jpexiod of organ culture. After culture, 200 /il of medium was as- 
|sayed for release of 3 H 2 0. after removing non-reacted *H-tyrosinc 
J^mrough tnrcc cycles of absorption into activated charcoal. The 
I^Saantity of hydroxylatcd tyrosine was calculated from the ratio of 
^sftne released *H 2 0 (dpm) to the added 3 H -tyrosine (dpm) for the 
^tfctal amount of tyrosine present in the medium. In addition, the 
incorporation of |4 Othiouracil into skin tissue was measured as 
Another indicator of tyrosinase activity [16- 18]. Thus, 0.5 jiCi of 
^C-thiouracil was added to the medium throughout organ culture 
J^ad the amount incorporated was measured after washing with an 
^geiccss of unlabeled thiouracil in phosphate buffer (0.1 M, pH 7.4) 
~"yf*k 24 h, followed by three washes with 5% trichloroacetic acid 
ifiTpA), solubilization of skin tissue with 2 N NaOH, and neutral- 
^" ion with 2 N Ha. . 

pHistochemical Procedures Discs of skin were rinsed in 0.1 M 
■phosphate buffer (ph 6.8) and incubated in 1 M sodium bromide for 
gh at 37 *C. The epidermal sheets separated from the dermis were 
"ed in 10% cold neutral formalin for 30 min, washed twice with 
., p _. L M phosphate buffer (pH 6.8), and incubated in 0.1% dihy- 
|®pxy-phcnylalanin (Dopa) in 0.1 M phosphate buffer (pH 6.8) for 
'j*n. In some cases, the epidermal sheets were further stained by the 
tpntana-Masson silver method. The number of melanocytes per 
^ guare milimeter was counted using an Olympus-BHA microscope 
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;' Figure 3. Chemical analysis of eumclanin (PTCA) after 4 d of skin organ 
. culture. The data are expressed as mean ± SD of triplicaie determinations. 
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Figure 4. The increase in Dopa-posicrvc melanocytes after 3 d of organ 
culture. 



at a magnification of X 200. In each specimen, the number of mela- 
nocytes was calculated by averaging the numbers found in 50 - 100 

Quantitative Analysis of Melanin Melanin amounts were ana- 
lyzed by lto*s method [19] for eumelanin (PTCA) and expressed as 
ng/mg wet skin tissue. 

Incorporation of 3 H-TdR DNA synthesis in skin slices was as- 
sayed by measuring the incorporation of 3 H-TdR. 3 H-TdR (1 /*Ci/ 
ml) was added to the organ culture for the indicated periods. After 
incubation, the skin slices were washed three times with cold 
Hanks' balanced solution, and 5% cold TCA was added twice every 
10 min. The TCA- insoluble tissue was dissolved in 2 N NaOH and 
neutralized with 2 N HCl. The radioactivity was counted in a liq- 
uid-scintillation spectrometer. 

RESULTS 

To confirm the reliability of the incorporation of ,4 C-thiouracil as 
an indicator for melanin synthesis, we compared the extent of its 
incorporation with the amount of tyrosine hydroxylated (calculated 
from the release of 3 H 2 0) at various stages of organ culture. .The 
incorporation of "C-thiouracil was found to occur in parallel with 
the hydroxylation of tyrosine, with a relation coefficient of 0.905 
(Fig 1). This indicated that the incorporation of ,4 C-thiouracil is a 
useful indicator of melanin synthesis. 

Skin cxplants maintained in a serum-free medium containing 
hydrocortisone and EGF showed newly formed pigment within 4 d 
of culture (Fig 2). Chemical analysis of melanin (Fig 3) demon- 
strated that there was about a twofold increase in eumelanin 
(PTCA) in cultured tissue as compared to the level before culture. 
The stimulating effect on melanin synthesis disappeared in the pres- 
ence of 20% fetal calf serum (FCS). Dopa and Fontana-Masson 
silver histochemistry of split epidermis showed that Dopa-posirive 
melanocytes increased in number twofold during the period of 
organ culture (Fig 4), the melanocytes had a round appearance, and 
much melanin pigment was transferred to keratinocytes (Fig 5). 
DNA synthesis, as demonstrated by thymidine incorporation into 
organ cultured skin, continued to occur until at least day 7 of cul- 
ture. Melanin synthesis as measured by ,4 C-thiouraciI incorporation 
appeared to proceed for 7 d of culture, parallel to DNA synthesis 
(Fig 6). To examine the inhibitory effect of tyrosinase inhibitors on 
this melanogenic stimulation, phenylthiourea was tested at 0.1 mM 
concentrations and was found to exhibit a significant inhibitory 
effect on me I ano genes is, as measured by both the quantity of tyro- 
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Figure 5. Dona and Fontuu-Masson tilver his- 
tochemistry of split epidermis iftci 3 d of organ 
culture A) 0-d culture. B) 3-d culture. 
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sine hydroxylated and die extent of incorporation of 14 C-thiouracil 
(Fig 7). v 

We evaluated the stimulatory effects of exogenous materials and 
found that of arachidonic acid metabolites, including prostaglan- 
dins and leucotrienes. PGEj, at a concentration of 1 .0 rnM, signifi- 
cantly stimulated tnelanogenic activity in comparison with control 
culture as indicated by tyrosine hydroxylarion or thiouracil mcoroo- 
ration (Fig 8). Furthermore, the addition of LTC 4f LTB 4 , and 5- 
HETE significantly increased melanogenic activity as measured by 
both melanogenic assays, whereas PGF a -alpha. 12-HETE, and 15- 
HETE did not show any stimulatory effect (Fig 9). Among several 
known growth factors, such as bFGF, PDGF, interleukin (IL)-1, 
and IL-6, only bFGF stimulated melanogenesis in the organ cul- 
tured melanocytes, but the addition of db-cAMP abrogated this 
stimulatory effect (Fig 10). Under these organ culture conditions, 
TGF-aJpha and TGF-beia were effective in significantly increasing 



or decreasing DNA synthesis, respectively (Fig 11). Under the same 
organ culture conditions, TGF-alpha was found to increase slightly 
tyrosinase activity at an optimal concentration of 10 ng/ml, 
whereas TGF-beta did not stimulate melanogenesis, but rather de- 
creased it (Fig 12). When PUVA-treated skin was cultured several 
days post-exposure, melanin synthesis as indicated by thiouracil 
incorporation was significantly stimulated, corresponding to the 
degree of in vivo pigmentation (Fig 1 3). The stimulated melanogen- 
esis was further significantly enhanced or inhibited by additions of 
PGEj and PHTU, respectively. 

DISCUSSION 

Melanocytes arc cells that produce and secrete melanin granules into 
keratinocytes, thereby controlling the quantify of melanin within 
the epidermis. Control mechanisms of integumcntal melanization 
have teen a key interest of many investigators; however, the mecha- 




Figure 6. DNA synthesis and ,4 C-thiouraril in- 
corporation during 7 d of organ culture. Cumula- 
tively incorporated radioisotopes were counted in 
the indicated days after the onset of skin organ 
culture. The data are expressed as mean ± SD of 
triplicate determinations. 



nism of hyperpigmentation that frequently occurs after UVB or 
UVA irradiation remains unclear, as do phototoxic reactions, for 
example, to PUVA treatment [5,7]. Research on the mechanism of 
hyperpigmcntation has focused on the behavior of cultured melano- 
cytes in the presence of several stimulants. This mechanism has been 

i ascribed primarily to the proliferation of melanocytes [8j and their 
concomitant or subsequent differentiation, induced by eicosanoids 

: released from keratinocytcs daring the process of inflammation 

; The present study demonstrated that organ cultured skin is capa- 
\ ble of continuing or stimulating melanin production, accompanied 
1 by an increased number of melanocytes and enhanced tyrosinase 
' activity. This melanogenesis was significantly enhanced in the 
organ culture of PUVA-treated skin, corresponding to the time 
course of in vivo pigmentation. All melanogenic stimulation was 
suppressed by the concomitant addition of the specific tyrosinase 
< inhibitor, PHTU [20]. The addition of PCS markedly inhibited the 
stimulated metallization, and eventually resulted in normal levels of 



melanin in the skin. This observation suggests that serum plays an 
important role in maintaining the normal level of metallization, 
either through the actions oftyrosinasc inhibitors in serum [21] or 
by unknown mechanisms. Thus, the melanogenic responses of 
organ cultured skin indicate that, because of the long period of 
nuintcnant'o^of skin tissue, the present organ culture system is a 
reliable epidermal .Unit for evaluation of the melanogenic control 
mechanisms underlying skin pigmentation homeostasis, as well as 
hyper- or hypopig mentation processes. 

Recently, several endogenous soluble factors have been impli- 
cated in UV-mediated hyperpigmentation as well as in the normal 
maintenance of skin color [10,11]. PGE3 has been shown to be an 
important endogenous stimulant in UV-induced post-inflamma- 
tory hyperpigmentation [12,13]. There have been many reports 
describing the role of PGEj in the stimulation of melanogenesis. In 
those studies, the addition of PGEj into several in vivo or in vitro 
systems was found to stimulate melanogenic activity |12,14]. An 
important feature of the organ culture system discussed here is that, 
of the arachidonic metabolites tested, the addition of PGE2 produces * 
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led skin as measured by nmol of tyrosine hydroxylated and ,4 C-thiouncil 
incorporation over 4 d of culture. The data are expressed as mean ± SD of 
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Figure 8. Melanogenic stimulation by PGE, in organ cultured skin as mea- 
sured by nmol of tyrosine hydroxylated and "C-thiouraeil incorporation 
over 4 d of culture. The data are expressed as mean ± SD of triplicate deter- 
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Figure 9. Melanogenic stimulitory effect of lipoxygenase metabolites in 
organ cultured skin as measured by nmol of tyrosine hydroxylated and 
""C-thtouraril incorporation over 4 d of culture. The data are expressed as 
mean ± SD of triplicate determination*, "p < 0.01; *p < 0.05 as compared 
to MEM. 
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a marked stimulatory effect on melanin synthesis, as revealed by? 
increased incorporation of thiouracil as well as by the release ofj| 
3 H a O. However, this stimulation is observed at much higher con^ 
centra rions than those under physiologic skin conditions. The rev 
ouirement for high PGE^ concentrations to elicit melanogenic acting 
varion may be because, in this organ culture system, it is difficult forf 
exogenous PGE, to reach melanocytes, due to the abundance ofj 
surrounding cells with prostaglandin receptors that interrupt the 
passage of prostaglandins. Because PGEj is synthesized mainly ulj 
keratinocytes under normal or stimulated skin conditions, keratino-v 
cytes can be considered an essential control unit for the melanogen- 
esis of melanocytes in epidermis. As we ll as PGEj. lipoxygenase, 
products such as LTB^, LTC 4 , and 5-HBTE were also found to 1 - 
stimulate epidermal melanogcnesis in our organ culture system.^ 
This is in agreement with a recent report that LTC 4 is a mitogen for*^ 
human melanocytes even in the absence of TPA 122]. f 

Another mechanism of keratinocytes for controlling melanogen-i 
esis is suggested to be through the secretion of growth factors, 
Halaban et d/ [10] reported that human melanocytes are considerably 
stimulated to proliferate in the absence of phorbol ester by eel 
extracts from proliferating keratinocytes. This effect is abolished by] 
concomitant addition of antibody against bFGF. In contrast; Gor~ 
don ct al [1 1] demonstrated no role for bFGF in melanocyte prolifer-| 
ation by showing no neutralization of the conditioned mediumj 
produced keratinocytes by anti-bFGF antibody. Our experiment^ 
with bFGF demonstrated that bFGF can act on organ cultured raela-S| \-_ 
nocytes to stimulate melanogcnesis, thus suggesting an important|gj 
role for bFGF in the proliferation as well as in the melanogenesis ofpl 
melanocytes. In contrast to Halaban *s results using pure melanocyte^ 
cultures [10], the addition of db-cAMP cancelled the stimulating^ 
effect, indicating that db-cAMP may also produce cellular reaction:-^ 
in keratinocytes that abrogate the action of bFGF on melanocytes.^ 

Physiologic melanogenic stimuli such as sun exposure are knowng 
to induce the secretion of IL-1 [23,24] and IL-6 [25], and to increase^, 
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Figure 10. Melanogenic sdmulatory effect of several growth factors including IL-1, IL-6, PDGF, and bFGF in organ cultured skin as indicated by 
hydroxy lated tyrosine and "C-thiouracil incorporation over 4 d of culture. A) The effects of bFGF and PDGF. B) The effects of IL- 1 and IL-6. The 
expressed as mean ± SD of triplicate determinations, "p < 0.01; *p < 0.05 as compared to MEM. 
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Fieorc 13. Melanogciiic stimulation in the organ culture of PUVA-treated 
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stimuhlc.mclanocytcs in a paracrine manner. Our r^ltsming 
TGF-alpha and TGF-beta suggest that epidermal growth stimula- 
tion and inhibition influence epidermal raelanization. However, 
the precise mechanism underlying the stimulation or inhibition oi 
mclanogcnesis by epidermal growth factors will remain unclear 
until a time-course study using a shorter assay time has been per- 

f ° In conclusion, the data presented here demonstrate the role of the 
epidermal unit in cutaneous pigmentation through the recognition 
of melanogenic responses to several mtrinsic factors in organ cul- 
tured skin. Ongoing studies to characterize the behavior of melano- 
cytes within the epidermal unit should provide abetter understand- 
ing of the regulatory mechanisms of epidermal mclamzation. 



TGF-a(n9/mt) TGF- 0 (np/ml) 

Figure 12. Stimulating effects of TGF-alpha on the mclanogenesis ; of 
organ cultured skin as measured by nmol of hydroxylated tyrosine and 
,4 C*hiouracH incorporation over 4 d of culture. In this expenment. EGr 
was eliminated from the organ culture medium. The data are expressed** 
mean ± SD of triplicate determinations. *p < 0.05 as compared to Mtw. 
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Two pigmentation related genes have recently been 
cloned which map to the brown (6) and albino (c) loci 
of mice; these loci influence the quality and quantity, 
respectively, of melanin produced by melanocytes. 
Both these gene products are biochemically similar and 
have extensive amino acid sequence similarity to each 
other and to lower forms of tyrosinase (EC 1.14.18.1), 
a copper binding enzyme responsible for melanin pro- 
duction. In order to characterize the catalytic activities 
of these molecules, we have synthesized peptides and 
prepared antibodies to them which specifically recog- 
nize the gene products in question. By use of immune 
affinity purification protocols, we have isolated the 
proteins encoded by the brown and albino loci and have 
determined that both have the catalytic functions as- 
cribed to tyrosinase, i.e. hydroxylation of tyrosine to 
3,4-dihydroxyphenylalanine (DOPA) and the oxida- 
tion of DOPA to DOPAquinone. These are the critical 
reactions to melanogenesis since melanin pigment can 
be spontaneously produced from those products. The 
specific activity of the albino locus encoded product is 
considerably higher than that of the protein encoded 
by the brown locus, although the latter protein is pres- 
ent in higher quantity in melanocytes than is the pro- 
tein encoded by the albino locus. These results are 
surprising since it was anticipated that tyrosinase was 
the product of single gene locus, and suggest that reg- 
ulation of melanogenesis in mammals is controlled at 
the enzymatic level by several different gene products. 



Tyrosinase (EC 1.14.18.1) is a bi- (and possibly tri-) func- 
tional enzyme critical to the formation of melanin in mam- 
mals and lower animals (c/. Refs. 1-3 for recent reviews). In 
a complex series of reactions as yet incompletely defined, 
melanin is produced as a highly polymerized complex of 
products resulting from: (a) the hydroxylation of tyrosine to 
3,4-dihydroxyphenylalanine (DOPA), 1 (6) the oxidation of 
DOPA to DOPAquinone, (c) the internal cyclization of DO- 
PAquinone to indole-quinone, and (d) the further oxidation 
and polymerization of melanogenic intermediates derived 
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the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
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EL1SA, enzyme- linked immunosorbent assay, MSH, melanotropin 
(nr-melanocyte-stimulating hormone); PBS, phosphate-buffered sa- 
line; SDS, sodium dodecyl sulfate. 



from these metabolites. Although tyrosinase is the only en- 
zyme known to be essential to this pathway (since DOPA can 
spontaneously autooxidize and the remainder of the chemical 
reactions leading to melanin production can proceed non- 
catalytically), several factors have been described which fol- 
low the action of tyrosinase and can influence the production 
of melanin in mammals either in a positive or a negative 
fashion. It has been recently shown that DOPAchrome iso- 
merase (4-8), peroxidases (9) and/or catalases (10), glutamine 
metabolic enzymes (11, 12), metal cations (13, 14), and me- 
lanogenic inhibitors (15, 16) all potentially function in the 
regulation of melanogenesis. 

Pigmentation in mammals occurs from the deposition of 
melanin produced by melanocytes in the skin, hair bulbs, and 
eyes. Melanogenesis can be influenced at many levels. In the 
mouse, for example, more than 150 different mutations have 
been defined at more than 50 distinct genetic loci that affect 
the production and distribution of melanin. Several of these 
genetic loci directly affect the expression of tyrosinase activ- 
ity, and thus melanin formation, although the structure and 
function of the molecules encoded by those loci have not yet 
been characterized. For example, the A y {lethal yellow) and 
the e {extension) loci affect the type of melanin produced 
(black eumelanin versus yellow sulfhydryl-containing pheo- 
melanin), while the b {brown), p (pink), and c {albino) loci 
affect the level of demonstrable tyrosinase in melanocytes. 
Which of these loci, if any, encodes tyrosinase and which are 
regulatory has been disputed for decades (cf. Refs. 17-20 for 
reviews). It has generally been assumed that tyrosinase is the 
product of a single genetic locus, and that the various isozymic 
forms demonstrable for tyrosinase result from post-transla- 
tional modification of a single molecule (1-3, 21-23). In view 
of the lack of melanin production by albino mutants, and 
because of other genetic considerations, the albino locus has 
often been postulated, or assumed to be, the structural locus 
for tyrosinase (24-26). However, this notion has not been 
universally accepted in light of biochemical evidence which 
demonstrates the presence of active tyrosinase in many albino 
mutations, and from the many other pleiotropic effects that 
result from mutations at the albino locus (27-30). 

Several laboratories have recently cloned genes which map 
to either of two of the relevant loci noted above (the albino 
and brown loci in mice) (31-43); the deduced amino acid 
sequences encoded by those genes are highly similar (20, 32, 
36), possess most of the characteristics expected for tyrosin- 
ase, and bear striking identity to lower forms of tyrosinase 
(recently reviewed in Ref. 20). In attempting to define the 
biochemical and functional relationships of the proteins en- 
coded by the brown and albino loci, and the mechanisms by 
which they interact and influence melanin production, we 
have prepared antibodies to synthetic peptides and have ex- 
amined the expression and catalytic activities of those gene 
products. In a previous study (44), we demonstrated that the 
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protein encoded by the brown locus (also referred to as the b- 
protein) has both of the catalytic properties ascribed to tyro- 
sinase, that is, tyrosine hydroxylase and DOPA oxidase ac- 
tivities. We now demonstrate that the protein encoded by the 
albino locus (alternatively termed the c-protein) is also com- 
petent for both tyrosinase catalytic activities, and in fact has 
an even higher specific catalytic activity than the 6-protein. 
The 6-protein is preferentially expressed by transformed me- 
lanocytes while the c-protein is preferentially expressed by 
normal melanocytes in vivo; a protein which results from 
alternative mRNA processing of the albino locus transcript 
(33, 45) is expressed by both types of melanocytes. In addition, 
yet another tyrosinase- related protein, termed TRP2, has 
recently been cloned. 2 These results, taken in contest with 
the identification of other distinct but homologous tyrosinase* 
related genes, support the concept that melanogenesis in 
mammalian melanocytes is regulated by a family of distinct 
tyrosinase- related genes. Although the exact roles the b- and 
c-proteins play in the regulation of melanin production and 
how they interact with each other and these other melano- 
genic molecules are not yet clear, it is obvious from this report 
and from studies underway in many laboratories that a reas- 
sessment of the enzymatic controls involved in the regulation 
of mammalian pigmentation is required. 

EXPERIMENTAL PROCEDURES 

Cells and Culture Conditions — JB/MS and B16 murine melanoma 
cells were routinely cultured in Dulbecco'a modified Eagle's medium 
with 10% fetal bovine serum, glutamine, and antibiotics, as previously 
detailed (44, 46); all tissue culture products were obtained from 
GIBCO. MNT1 human melanoma cells were a gift of Dr. Pier Giorgio 
Natali, Regina Elena Cancer Institute, Rome, Italy. Murine and 
human "normal" melanocytes growing in culture were kindly supplied 
by Drs. Zalfa Abdel-Malek and Raymond Boissy (DBA and NHM) 
of the Department of Dermatology, University of Cincinnati, Cincin- 
nati, OH; by Dr. Ruth Halaban (B10.BR), Department of Dermatol- 
ogy, Yale University School of Medicine, New Haven, CT; and by 
Dr. Dorothy Bennett (melan-a), Department of Anatomy, St. 
George's Hospital Medical School, London, United Kingdom; they 
were grown as detailed by those laboratories (47-49). Normal human 
melanocytes were also obtained from Clonetics Corp. (San Diego, 
CA) and cultured as per instruction. When cells were treated with a- 
melanocyte stimulating hormone (MSH, Calbiochem), they were 
grown in the presence of 2 x 10" 1 m MSH for 4 days, conditions 
under which optimal stimulation of melanogenesis occurs (1, 46, 50). 
All cell cultures were routinely harvested with trypsin and washed 
twice in Hanks' balanced salt solution prior to solubilization or 
subculturing. Melanocytes were also obtained from in vivo sources, 
including transformed melanocytes from B16 and JB/MS melanomas 
(growing as solid pigmented subcutaneous tumors) and normal me- 
lanocytes (from the skin and eyes) of 5-day newborn pathogen -free 
C57BL/6N mice obtained from the Small Animal Section at NIH. 

Peptide Synthesis— Peptides representing the carboxyl and amino 
termini of putative tyrosinase molecules were prepared by solid phase 
synthesis; peptides I and 2 were synthesized by Dr. W. Lee Maloy of 
the Biological Resources Branch at NIH (44), peptides 6 and 6 were 
synthesized by the Yale University Medical School Synthetic Peptide 
Service (New Haven, CT), and peptide 7 was synthesized by OCS 
Laboratories (Denton, TX). The purity of the peptides was estab- 
lished by amino acid analysis, and following purification by reversed 
phase high performance liquid chromatography, aliquots of the pep- 
tides were coupled to keyhole limpet hemocyanin as previously de- 
tailed (44, 46) and used for immunization of rabbits. 

Antibody Production — Polyclonal antibodies to peptides were pro- 
duced in New Zealand White rabbits by immunization and boosting 
with conjugated peptides as reported in earlier studies (44, 46); 
production of antibodies was quantified by an enzyme-linked immu- 
nosorbent assay (ELISA), and when high titers of specific antibodies 
had been raised, IgG fractions from the sera were purified using 
protein A-Sepharose columns (Pierce Chemical Co.). The TMH-l 



2 1. J. Jackson, personal communication. 



monoclonal antibody is an IgG IA specific for the T« high M r form of 
tyrosinase (51). 

Metabolic Labeling and I mmunoprecipitat ion— For metabolic label- 
ing, cells were grown to semiconfluence, and then pulsed for 30 min 
with [ M S] methionine (Du Pont- New England Nuclear) and chased 
for 60 min in complete medium, as previously detailed (44, 46). 
Following harvesting, the cells were Bolubilized in 1% Nonidet P-40 
in 10 mM Tris-HCl, pH 7.2, for 1 h at 4 X. 5 x 10 B dpm of |"S) 
methionine-Iabeled extracts were incubated with antibodies as noted 
in the figure legends for 60 min at 37 *C, and then completed with 
100 tt\ of 10% protein A-Sepharose (Pharmacia LKB Biotechnology 
Inc.) for 30 min. The immune complexes were washed 5 times with 
0.1% Nonidet P-40, 0.01% sodium dodecyl sulfate (SDS), 10 mM Tris- 
HCl, pH 7.2, and etuted with Laemmli SDS sample buffer for 5 min 
at 100 *C. When extracts were denatured prior to immunoprecipita- 
tion, they were treated with 1% SDS and 2 mM dithiothreitol at 70 *C 
for 5 min, and then diluted with 5 volumes of Nonidet P-40/Tris 
buffer containing 20 mM iodoacetic acid, and reacted with antibodies 
as noted above. 

Immunodepletion experiments were performed by sequentially 
treating sotubilized extracts with antibodies as described above, using 
the Bupernatants from each reaction for each subsequent imrauno- 
precipitation. After 3 cycles of such absorptions, metabolically labeled 
proteins remaining in the supernatants were subjected to a final 
antibody absorption (as noted in the figure legend) and immunopre- 
cipitated antigens were analyzed as noted above. 

For further studies on the specificity of these antibodies, ^-labeled 
proteins immunoprecipitated by the peptide antibodies were sepa- 
rated by gel electrophoresis and the positions of the immunoprecipi- 
tated labeled bands were identified on identical gels auto radio graphed 
overnight. The bands were then sliced out of the gel, minced with 
razor blades, and extracted into buffer overnight at 4 *C. Labeled 
proteins purified in this manner were then further analyzed for 
reactivity with antibodies, by isoelectric focusing, and for partial 
proteolytic digestion with Staphylococcus aureus protease (Pierce 
Chemical Co.). 

Electrophoretic Techniques— The Laemmli SDS-gel electrophore- 
sis system was routinely used with 7.5% acrylamide gels (52), although 
10% gels were used in the partial proteolytic degradation enperimenta. 
When labeled proteins were resolved, the gels were fised in 10% 
trichloroacetic acid, then treated with Fluoro-'Hance (Research Prod- 
ucts International, Mount Prospect, IL) for 30 min, dried, and auto- 
radiographed on XAR-2 film with Cronex-M intensifying screens. M, 
were estimated by comparison with the mobilities of methylated re- 
labeled standard proteins (Du Pont -New England Nuclear). 

For Western blotting, proteins from Nonidet P-40 extracts were 
separated by SDS-gel electrophoresis (with or without prior denatur- 
ation with mercaptoethanol and heat), then transferred to nitrocel- 
lulose papers in 25 mM phosphate buffer, pH 6.5, at 15 V overnight 
at 23 C, as previously reported (44, 46). Following transfer, the sheets 
were stained with 0.01% Fast green to visualize and mark standard 
proteins and then were incubated in 1% bovine serum albumin in 
Nonidet P-40/phosphate-buffered saline (PBS) overnight at 4 "C to 
destain the filters and to block nonspecific binding. The blots were 
then incubated with antibodies (diluted at 1:100) as noted in the 
figure legends for 60 min at 37 *C and washed five times in Nonidet 
P-40/PBS; they were then incubated with the appropriate perOKidase- 
conjugated second antibody (DAKO Corporation, Santa Barbara, CA) 
(diluted at 1:500 in Nonidet P-40/PBS) for 30 min at 37 *C. The 
sheets were again washed thoroughly and specifically bound antibod- 
ies were visualized (A 43 o) by reaction with 3,3'-diaminobenzidine (2.5 
/ig/ml) and H t Oi (0.01%) in PBS. For Western blot analysis of 
immune-affinity purified proteins, the alkaline phosphatase biotin- 
avidin ABC staining kit was used according to the manufacturer's 
instructions (Pierce Chemical Co.). 

Isoelectric focusing techniques were performed as previously de- 
tailed (2); amp ho line a were obtained from Pharmacia LKB Biotech- 
nology Inc. 

Immune-affinity Chromatography— -Proteins were purified by im- 
mune affinity using two different protocols. In the first, IgG from 1 
ml of the rabbit sera were bound directly to 1 ml of protein A- 
Sepharose columns (Pierce Chemical Co.) and the columns were 
washed extensively in buffer as per the manufacturer's instructions. 
In the second protocol, 1 ml of protein A-Sepharose columns were 
used to prepare purified IgG from the sera of immunized rabbits 
following the manufacturer's instructions. Four rag of these purified 
IgG were then covalently linked to immunoPure antibody immobili- 
zation columns (Pierce Chemical Co.), again following the manufac- 
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turer's instructions, and the columns were washed extensively in 
buffer prior to use. In both protocols, 1-ml aliquots of an Nonidet P- 
40 extract of B16 melanoma cells (-1 mg of protein) were applied to 
each column and allowed to bind for 1 h at 23 *C; following the 
binding, unbound proteins were removed by extensive washing with 
equilibration buffer. Specifically bound proteins were then removed 
sequentially with 1% SDS in equilibration buffer, or with the Elution 
buffer supplied with the columns. All fractions were collected, di- 
alled extensively against 0.1% Nonidet P-40 in 10 mM Tris-HCl, 
pH 7.2, concentrated to 1 ml with Centricon 30 miniconcentratora, 
and used for immune reactivity studies employing Western immu- 
noblot techniques as described above, or assayed for melanogenic 
activities as detailed below. 

Melanogenic Assays— The various assays for melanogenic activities 
were performed as previously detailed (53, 54). Briefly, the i*H) 
tyrosine assay specifically measures tyrosine hydroxylase activity; 
this is the initial reaction in the conversion of tyrosine to melanin, 
and involves the hydroxylation of tyrosine to DOPA. The formation 
of 3 H-water specifically and stoichiometrically released in this reac- 
tion is quantified using liquid scintillation counting. The DOPA 
oxidase assay measures the second major catalytic reaction, ie. the 
conversion of DOPA to DOPAchrome (via DOPAquinone). This 
reaction is followed spectrophoto metrically by the chromogenic ap- 
pearance of DOPAchrome iA*n). The DOPAchrome isomerase assay 
is also a spectrophotometric assay which measures the conversion of 
DOPAchrome to 5,6-dihydroxyindole-2-carboxylic acid or to dihy- 
droxyindole. This reaction is also followed spectrophotometrically as 
the disappearance of DOPAchrome (Am); this activity is thought to 
be cataly2ed independently of tyrosinase (4-8). Finally, the l H C] 
melanin assay measures the production of acid- insoluble melanin 
from the labeled tyrosine precursor and quantifies the entire reaction 
sequence, including tyrosinase and any post- tyrosinase catalytic ac- 
tivities. The production of the acid-insoluble [ U C] melanin is meas- 
ured using liquid scintillation counting. 

RESULTS 

Preparation and Specificity of Anti-peptide Immunoglobu- 
lins— Synthetic peptides used in this study which correspond 
to the amino and carboxyl termini of the proteins encoded by 
the murine brown {b) locus and by the albino (c) locus are 
listed in Table I. High titers of antibodies were raised against 
all these peptides; the antibodies were extremely peptide- 
specific and could be competed for by the immunizing peptide, 
but not by other peptides. In addition, none of these antibody 
probes reacted with any of the other synthetic peptides bound 
to ELISA plates, further confirming their specificity. Note 



especially that aPEPl and aPEP7 antisera gave virtually 
identical titers of activity against the immunizing peptides, 
and that those activities were completely peptide- specific. 

It should be noted that the PEPS sequence represents the 
amino terminus of all the proteins produced from the murine 
albino (c) locus that have been identified to date, including 
those encoded by Tyrs-33 (33), MTY811 (35), Ty2 (39), tyrl 
(40), Tyrs-J (41), and prncTyrl, pmcTyr2, and pmcTyr3 (45). 
On the other hand, the PEP7 sequence represents the car- 
boxyl terminus of those same proteins, with the exception of 
that encoded by Tyrs-33, whose unique carboxyl terminus is 
that noted as PEP6. The deletions in primary sequence of 
pmcTyr2 and pmcTyr3, and presumably of Tyrs-33, have 
been shown to be generated due to alternative splicing of the 
primary transcript (40, 45) and to result in the production of 
proteins that are catalytically inactive, or at least altered in 
function (36, 41). PEPl and PEP2 represent the carboxyl and 
amino termini of the protein encoded by pMT4 (31); although 
only a single protein species has thus far been identified from 
the murine brown locus, it is reasonable to expect that related 
products generated by alternative splicing might also exist, 
since this gene has also been shown to consist of multiple 
introns and exons (55), as has the albino gene (45). It has also 
been recently shown that alternative splicing of tyrosinase 
transcripts occurs in human as well as in murine melanocytes 
(37, 38, 56). 

We have used these anti-peptide IgG to immunoprecipitate 
metabolically labeled proteins synthesized by B16 and JB/ 
MS cells, two different but highly pigmented murine mela- 
nomas, and by melan-a and B10.BR normal murine melano- 
cytes; all these lines were originally derived from C57B1 black 
mice (which are wild- type for the b and c loci). Virtually 
identical qualitative results were obtained in all experiments 
with these four cell lines and only the results with B10J3R 
cells are shown in Fig. 1. a PEPl and aPEP7 IgG recognized 
metabolically labeled proteins under native conditions {arrow 
in Fig. I A ), but none of the other anti-peptide IgG recognized 
nondenatured protein (s). When identical metabolically la- 
beled cellular proteins were denatured prior to immunoprecip- 
itation, aPEP2 IgG now recognized a protein identical in 
electrophoretic properties to that recognized by aPEPl IgG 





Table I 






Synthetic peptides used in 


the study 


Peptide 


Sequence 


Derivation" 


PEPl 
PEP2 


CEDYEELPNPNHSMV-COiH 
QFPRECAN lEALRR-COiH 


6rou>n-Protein, COOH terminus 
brown- Protein, NH a terminus 


PEP5 
PEP6 
PEP7 


HFPRACASSKNLLA-COjH 

CCSSLWA-C0 2 H 

CDKDDYHSLLYQSHL-COzH 


a/6 1 no- Protein, NH 2 terminus 

Truncated aibino-protein, COOH terminus 

albino- Protein, COOH terminus 









Specificity of 


antisera* 








Competitive 


binding' 




Antibody 




















None 


PEPl 


PEP2 


PEPS 


PEP6 


PEP7 


A 


B 


C 


D 


aPEPl 


0.01 


1.23 


0.02 


0.02 


0.03 


0.00 


0.00 


1.23 


0.04 


1.70 


aPEP2 - 


0.02 


0.09 


1.44 


0.05 


0.12 


0.02 


0.01 


1.44 


0.73 


1.84 


oPEPS 


0.00 


0.03 


0.05 


>2.00 


0.03 


0.01 


0.00 


>2.00 


0.90 


>2.00 


aPEP6 


0.00 


0.00 


0.02 


0.01 


0.95 


0.00 


0.01 


0.95 


0.17 


0.82 


oPEP7 


0.00 


0.00 


0.00 


0.00 


0.01 


1.35 


0.00 


1.35 


0.06 


1.32 



* Peptide sequences for the fr-protein, derived from pMT4, were taken from Ref. 31; for the c-protein, derived 
from MTY81 1, were taken from Ref. 35, and for the aberrantly terminated form of the c-protein, derived from 
Tyrs-33, were taken from Ref. 33. 

6 0.1 Mg of peptide as noted were bound to microliter plates and antisera as indicated (diluted 1:1000 in PBS) 
were quantified by ELISA as detailed under M Experimental Procedures/ 

'0.1 Mg of the relevant immunizing peptide were bound to microti ter plates; sera as noted (diluted 1:1000 in 
PBS) were assayed by ELISA following preincubation for 60 min at 23 *C, as follows: A, preimmune serum; B-D, 
immune sera with: no additions (B), 10 Mg/ml of the immunizing peptide (C), or 10 Mg/ml of an irrelevant peptide 
(D). 
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A) Nondenalurlng conditions 



B) Denaturing conditions 



A) Isoelectric focusing B) Proteolytic degradation 
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FlO. I. Immunorcactivity of peptide antibodies. Normal mu- 
rine melanocytes were labeled for 30 min with [ :w S]methionine, chased 
for 60 min, sohibilized in 1% Nonidet P-40/PBS and then immuno- 
precipitated, with or without prior denaturation, with the antibodies 
noted, as detailed under ''Experimental Procedures." Specifically 
recognized proteins were separated by SDS-gel electrophoresis and 
visualized by autoradiography. M, indicated are based on the migra- 
tion of "C-laheled standard proteins. NRS, normal rabbit serum. A, 
nondenaturing conditions: /i, denaturing conditions. 

(arrow in Fig. IB). As previously discussed (44), these results 
suggest that the amino terminus of the 6-protein is buried in 
the native protein, and inaccessible to «PEP2, but that fol- 
lowing denaturation, the epitope is exposed and immunoreac- 
tive. We were unable to detect any immunoreactivity of pulse 
chase labeled c-protein synthesized by any of these cell lines 
with a PEPS or 0PEP6 IgG (which should recognize the amino 
terminus) under any of the labeling and immunoprecipitat ion 
conditions employed in these studies; this probably results 
from both the low level of synthesis of the c-protein by these 
cells and also from the inaccessibility of the epitopes involved. 
The apparent contradiction that the c-protein was recognized 
by antibodies directed against its COOH terminus but not by 
those directed against its putative amino terminus might 
further indicate that cleavage of the signal peptide at the 
amino terminus occurs further into the molecule than pro- 
posed. 

The Mr of the protein recognized by cr PEP 1 and «PEP2 
IgG (a disperse band of -66,000-71,000) agreed reasonably 
well with the predicted A/, 57,900 of the 6-protein encoded by 
pMT4 (31), if one takes into account the heavily glycosylated 
nature of mammalian tyrosinase (57). The similar size of the 
protein recognized by aPEP7 agreed with the predicted M, 
58,600 of the c-protein encoded by MTY811 (35). Note that 
the electrophoretic mobility and disperse appearance of the 
brown and albino locus encoded proteins were virtually iden- 
tical in these wild-type cells, and that they cannot be distin- 
guished electrophoret ically on the basis of their size. 

When the bands immunoprecipitated by orPEPl and 
nrPEP7 IgG were resolved by isoelectric focusing, they were 
resolved into two species, a sharp band at pH 6.5 and a 
disperse band at pH 5.8 (arrows in Fig. 2/4); thus the c- and 
6-proteins were also indistinguishable on the basis of their 
intrinsic charge. The predicted p! values of the native proteins 
(c-protein, 5.98 and 6-protein, 5.96) are reasonably close to 
the lower of those observed values, thus that band probably 
represents the de novo form of the proteins, which are heter- 
ogeneous by virtue of glycosylation. The protease sensitivies 
of the 6- and c-proteins were significantly different, however, 
as detected by partial proteolysis following treatment with S. 
aureus protease (Fig. 2B). The 6-protein was more readily 
degraded than the c-protein (especially noticeable at 1 ti%/m\) 
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Fig. 2. Characteristics of antigens recognized. Normal mu- 
rine melanocytes were labeled with [ a 'S| methionine, sohibilized, and 
then immunoprecipitated with the antibodies noted, as detailed in 
Fig. 1. Specifically precipitated bands were cut out of the gels and 
analyzed by isoelectric focusing or by partial proteolytic degradation 
with 0, 1. 10, or 100 ^g/ml S. aureus protease, ns detailed under 
"Experimental Procedures." pH values indicated are from direct 
measurements on the focusing gels. NRS, normal rabbit serum, A f 
isoelectric focusing; B, partial proteolytic degradation. 



A) DBA (brown) 



B) HNT1 (human) 
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Fin. 3. Cross- reactivity of peptide antibodies* Cells as noted 
below were labeled and immunoprecipitated by antibodies as noted 
Cor Fig. 1, using nondenaturing conditions. NRS, normal rabbit serum. 
A t DBA (brown) cells; B f MNTl (human melanoma cells). 

and the pattern of fragments generated was distinct, further 
showing the specificity of the antibodies. 

This none ross- reactive pattern of specificity can be further 
seen in the reactivities of these a nti -peptide IgG with meta- 
bolically labeled proteins synthesized by DBA melanocytes. 
DBA cells are mutant at the brown locus and this mutation 
can be seen in the altered electrophoretic mobility of the 6- 
protein produced by these cells {M r is decreased by ~5000; 
arrows in Fig. 3/1). Similar results were obtained with melon - 
b cells, which are also mutant at the brown locus (not shown). 
It is interesting to note that bot h these independent mutations 
at the brown locus resulted in the loss of the epitope recog- 
nized by TMHl; it has been recently reported (58) that the 
brown mutation results from only 2 amino acid residue sub- 
stitutions. In view of the difference in M r noted in this study 
and previously (10), it seems likely that those substitutions 
result in aberrant glycosylation of the protein and the loss of 
the TMHl epitope Note further here the distinct patterns of 
reactivity in the proteins recognized by the aPEPl and 
«PEP7 IgG. 

orPEP7 IgG recognized metabolically labeled proteins pro- 
duced by normal human melanocytes or by MNTl human 
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melanoma cells {arrow in Fig. 3B); this is reasonable since 
the peptide sequences of the c-proteins produced by murine 
and human melanocytes have been highly conserved (20), 
there are only 2 residue substitutions in their COOH-terminal 
peptides. On the other hand. «PEPi and «PEP2 IgG did not 
recognize the 6-protein expressed by human melanocytes. A 
6-protein analog is synthesized by human melanocytes since 
the brown locus specific monoclonal antibody TMH-1 cross- 
reacted with the human 6-protein (59 and Fig. 2C). It has 
been recently reported (43) that the human melanoma antigen 
termed gp75 is the human analog of the murine 6-protein, 
and this gene has now been cloned and sequenced (42, 43). 
Although the identity in the primary structure of the murine 
and human 6-protein is greater than 90% overall, the carboxyt 
terminus of the human 6-protein is truncated 11 residues 
before the murine carboxyl terminus, thus explaining the loss 
of reactivity of «PEP1 IgG with human melanocyte 6-protein. 

Expression of Proteins Analyzed by Western Blotting— We 
have used Western blotting methods to examine whether the 
albino or brown locus products might be preferentially ex- 
pressed by normal or transformed melanocytes, since probes 
mapping to the albino locus were initially generated from 
normal melanocyte lines (32 r 33, 35) while genes mapping to 
the brown locus were derived from transformed melanocyte 
lines (31, 34). We thus prepared extracts from cutaneous and 
ocular melanocytes from skin and eyes of newborn pigmented 
mice (as examples of normal melanocytes growing in vivo) 
and from B16 melanomas growing subcutaneously in mice (as 
examples of transformed melanocytes growing in vivo) for 
analysis by Western blot methodology. The results demon- 
strated many of the specificities noted above using metabolic 
labeling and immunoprecipitation protocols, but with several 
additional findings. Fig. 4A shows the distribution of tyrosin- 
ase isozymes in extracts of B16 cells and of normal ocular 
tissue from C57B1 mice that have been separated under non- 
denaturing conditions; DOPA oxidase activity is visualized by 
production of melanin following incubation with DOPA suh- 
strate. The major tyrosinase band had a M , of -70,000 and 
there was a minor band of -150,000 (arrows); proteins in 
these bands were able to use tyrosine as a substrate as well as 
DOPA since incubation with [ l4 C]tyrosine also produced mel- 
anin, in this case visualized by autoradiography of the acid- 
insoluble product (53, 54). The specific activity of tyrosinase 



in the B16 extract was significantly higher than in the eye 
extract (-5 times). As was noted in the metabolic labeling 
study shown above. oPEPl and aPEP7 IgG specifically iden- 
tified bands {arrows in Fig. 4B) of similar molecular mass to 
the 65-kDa tyrosinase band under these nondenaturing con- 
ditions (o-PEPl IgG also recognized the higher M, tyrosinase 
band). Following denaturation of the proteins, orPEP5 (al- 
though not «PEP6) IgG also recognized proteins produced by 
normal melanocytes (arrows in Fig. 4C); this reactivity has 
never been detectable in extracts of melanocytes grown in 
vitro. A low M, protein (-49,000) presumably encoded by 
pmcTyr3 (predicted M t ~ 52,000) was recognized both in the 
normal and in the transformed cell extracts, while the full 
length protein encoded by MTY811 was only recognized in 
the normal C57B1 extract. 

Catalytic Function of the Molecules— \n a series of experi- 
ments, we have used immune affinity chromatography to 
isolate the proteins encoded by the albino and brown loci from 
B16 melanoma cells and have quantitated their melanogenic 
activities (Table II). In these experiments, we typically ob- 
served recovery of melanogenic activities from extracts of the 
B16 cells in a 1:2 ratio, which is consistent with earlier 
observations of the 6-protein having about 30% of the total 
tyrosinase activity. In our initial experiments we attempted 
to elute activity bound to control and anti-pep tide IgG com- 
plexed to protein A-Sepharose columns using excess peptide 
(c/. Protocol 1) although this approach did not work. However, 
elution with the acidic pH buffer supplied with the protein A- 
Sepharose kits did work; 15% of the tyrosine hydroxylase 
activity could be recovered from a single passage over the 
(vPEPl IgG column, which was similar to the 16% recovery 
reported earlier (44) using a different procedure. Similarly, 
recovery of DOPA oxidase and melanin formation activity 
showed 20-12% recoveries, respectively; the binding and re- 
covery was specific since less than i% of the activity was 
bound to control rabbit IgG complexed to protein A-Sepha- 
rose columns in similar fashion. Typically, tyrosinase would 
be irreversibly inactivated under the acidic conditions em- 
ployed to elute these columns (pH 3.0); however, limited 
exposure at 4 °C to the deoxygenated buffer supplied with the 
protein A-Sepharose kits had little or no effect on enzyme 
activity if immediately dialyzed to restore physiological pH. 
In other experiments, we purified IgG recognizing PEPl or 
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FiC. 4. Reactivity of cellular proteins by Western immunoblotting. Nontdet P-40/PBS extracts were 
made from B16 melanoma cells and from CfwBl newborn mouse retina/choroid; 50 vg of protein were electropho- 
reficd in each lane and transferred to nitrocellulose sheets, as detailed under ^Experimental Procedures." Enzymatic 
reactivity was visualized by incubation with DOPA substrate for melanin formation or with ("Cllyrosine for 
production of radioactive melanin, and immune reactivities with ami -peptide IgG as detailed undeT "Experimental 
Procedures." n, en7,ymatic activity; B, nondenaturing conditions; C, denaturing conditions. NRS, normal rabbit 
serum. 
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Table II 

Immune-affinity purification of melonogenic activities 
Melanogenic activities, purified from crude Nonidet P-40 extracts of B16 melanoma cells by a single passage 
over 1-ral immune-affinity columns aB noted, were determined as described under "EaperimentaJ Procedures/ 
Assays were performed in triplicate and results presented are from a 1-h incubation at 37 'C; variations within 
experiments were always less than 10% and standard errors are not reported for the sake of simplifying the data. 
Percent activities found in each fraction are Bhown in parentheses. The unbound fraction indicates activity in the 
extract that was not retained by the column. NT, not tested. 



Type of 
affinity column 



Tyrosine 
hydroxylase 



DOPA 
oxidase 



DOPAchrome 
isomerase 



Melanin 
formation 



Protocol 1 Q.Peptide IgG linked to protein A-Sepharose columns 



Control IgG 
Unbound 
PEPl eluted 
Acid pH eluted 

qPEPI IgG 
Unbound 
PEPl eluted 
Acid pH eluted 



dpm/h 

49,610 {99%) 
0(0%) 
251 {<!%) 

43,440 (84%) 
296 {<!%) 
7,730 (15%) 



0.17 (100%) 
0.00 (0%) 
0.00 (0%) 

0.12 (80%) 
0.00 (0%) 
0.03 (20%) 



NT 
NT 
NT 

NT 
NT 
NT 



dpm/h 

58,043 (99%) 
0(0%) 
563 (<1%) 

34,286 (87%) 
86 (<1%) 
4,708 (12%) 



Protocol 2 a- Peptide IgG covalently linked to Sepharose columns 



aPEPl IgG 
Unbound 
1%SDS eluted 
Acid pH eluted 

aPEP7 IgG 
Unbound 
1%SDS eluted 
Acid pH eluted 



43,317 (83%) 
5,090(10%) 
3.726 (7%) 

32,939 (68%) 
15,100 (31%) 
68 «1%) 



0.40 (96%) 
0.01 (2%) 
0.01 (2%) 

0.24 (73%) 
0.09 (27%) 
0.00 (0%) 



-0.12 (100%) 
0.00 (0%) 
0.00 (0%) 

-0.05 (100%) 
0.01 (0%) 
0.01 (0%) 



40,054 (98%) 
864 (2%) 
0(0%) 

24,400 (57%) 
18,227 (43%) 
0(0%) 



PEP7 and bound them covalently to affinity columns (c/. 
Protocol II) with similar results. In the latter protocols we 
eluted the columns with 1% SDS buffer prior to washing with 
the acidic elution buffer; in both cases, most of the bound 
activity was eluted with the SDS buffer. We have since found 
that SDS at concentrations above 0.1% ia sufficient to disso- 
ciate these anti-peptide IgG from their bound Uganda, while 
levels of 0.01% or less (as used in the protocols for radioim- 
munoprecipitation analysis) do not Both the 6-protein and 
the c-protein immune affinity purified in this manner con- 
tained tyrosine hydroxylase, DOPA oxidase and melanin for- 
mation activities in similar proportions, and neither could 
utilize DOPAchrome as a substrate (Table II). 

In view of the inability of some earlier studies to demon- 
strate significant tyrosinase activity for the 6-protein, it waB 
essential that the possibility of cross-contamination between 
these proteins be eliminated. We have employed three proto- 
cols in addition to the experiments previously discussed to 
elaborate this point. First, we have used immunodepletion 
protocols to demonstrate that aPEPl and aPEP7 IgG recog- 
nize distinct, immunologically non-crossreactive and, at least 
in the solubilized state, nonassociating proteins (Fig. 5A). 
Following three rounds of absorption with normal rabbit sera, 
both immunoreactive proteins remained in the supernatant 
(labeling of the c-protein was relatively low in these experi- 
ments, c/. "Discussion"). Sequential absorption with aPEPl 
or aPEP7 IgG however, removed only the band expected 
(-95% of immunoreactive components were removed in the 
first absorptions, 5% in the second, and none in the third). 
Second, proteins immunoprecipitated by the peptide antibod- 
ies were recovered and subjected to another round of antibody 
complexi ng and immunoprecipitation (Fig. 5B). The results 
demonstrated that labeled protein initially recognized by 
aPEPl IgG could be subsequently recognized only by aPEPl 
IgG, and conversely, protein immunoprecipitated by aPEP7 
could only be reimmunoprecipitated by aPEP7 IgG. In these 
experiments, the yield was between 50 and 70% in the positive 



reactions and 0% in the negative reactions. Third, we have 
analyzed the original extracts applied to, and the fractions 
eluted from, the immune-affinity columns, using Western blot 
methods (Fig. 5C). There is some leakage of the IgG from 
these covalently bound columns, which leads to a high back- 
ground in the column fractions tested by normal serum, 
aPEPl and aPEP7 IgG (these bands are not observed in the 
original homogenate, as expected). It can be seen that the 
sample which eluted from the aPEPl column contained ma- 
terial only immunoreactive with aPEPl IgG, while material 
eluted from the aPEP7 column could be recognized only by 
the aPEP7 IgG. 

Repetitions of these studies (summarized in Fig. 6) have 
yielded average recoveries from extracts of B16 cells of tyro- 
sine hydroxylase activities of 11 and 28%, DOPA oxidase 
activities of 58 and 92%, and of melanin production activities 
of 7 and 24%, by aPEPl and «PEP7 IgG, respectively. In 
related studies we have found that there was no demonstrable 
synergism of activity between these immunopurified enzyme 
preparations; when premised prior to assay, their enzymatic 
potentials were simply additive. The only difference between 
these proteins noted to date is the relative lack of a lag period 
in catalytic activities of the c-protein, and a significant lag in 
the time course for melanogenic function which occurs with 
the 6-protein (visible in the DOPA oxidase kinetics shown in 
Fig. 7 and in both the ( 3 H]tyrosine and the ["CJtyrosine 
assays, not shown). 

DISCUSSION 

The extensive amino acid sequence identity in the 6-protein 
and the c-protein expressed by murine and human melano- 
cytes is striking (cf. Fig. 4 in Ref. 20 and Fig. 6 in Ref. 44); 
each of these genes has ~90% sequence identity between 
murine and human species. Both genes are closely related: 
more than 45% of the residues in each sequence have been 
conserved throughout exons 1-4, which contain the catalytic 
domains. However, the 6-protein and c-protein differ signifi* 
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C) Western blot analysis 
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Fig. 5. Specificity of immune-affinity purification of melanogenic proteins. Melanocytes were radio- 
labeled and immunoprecipitated as detailed for Fig. 1. -4 t immunodepletion protocols: extracts were sequentially 
preabsorbed three times with IgG (as listed at the top), and then imrmmoprecipitated with antibodies (as noted at 
the bottom). B, reimmunoprecipitation protocols: immunoprecipitates recovered from antisera listed as detailed 
for Fig. 2 were subjected to immunoprecipitation with the antibodies noted. C, Western blot analysis: aliquot s from 
the original extract applied to the immune-affinity columns iOrig), or specifically eluted from the oPEPl or 
«PEP7 columns (as noted at the bottom) were elect rophoresed, transferred to nitrocellulose filters, and examined 
for antibody reactivity, as detailed under "Experimental Procedures." Positions of the heavy (HA and light (U) 
IgG chains, which slowly elute from the affinity columns, and are detected by the secondary antibodies (ns listed 
at the top y NRS, normal rabbit serum. 
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Fl<;. 6. Summary of immune-affinity purification of melan- 
ogenic activities. Results on purification of melanogenic activities 
from repeated immune-affinity purifications in different experiments 
are shown as the mean percent recoveries from crude extracts of Bl6 
melanoma cells ± S.E. (where applicable). Experiments were per- 
formed as detailed for Table II. n » 1 for control IpG; n = 7 for 
oPEPl IpG; and n = ft for trPEPV IgG. 

cantly at their carboxyl termini (exon 5), which contain the 
transmembrane-spanning and cytoplasmic orientation deter- 
minants. These highly conserved molecules have many of the 
structural features expected of tyrosinase, such as two copper 
binding sites required for catalytic activity (and where the 
sequence identity approaches 70%), potential glycosylation 
sites, and orientation of the catalytic site away from the 
cytoplasm, that is, within the melanosome, a membrane- 
bound cytoplasmic organelle. All 15 of the cysteine residues 
have been conserved among these proteins, 10 of the 11 
tryptophans have also been conserved, and the three histi- 
dines potentially responsible for binding a copper atom in 
each of the two copper binding sites have also been conserved, 
along with most of the other hydrophobic residues in those 
regions. The extent of homology between the brown and albino 




Fk;. 7. Time course of DOPA oxidase assays on immune- 
purified tyrosinase. Proteins isolated by immune-affinity purifi- 
cation hy n-'PEPl and «PEP7 IgG {as detailed for Table ID were used 
for determination of DOPA oxidase activity over a 6-h period, as 
detailed under "Experimental Procedures." 

genes and the recently cloned TRP2 gene, 2 which appears to 
represent yet another member of the tyrosinase family, re- 
mains to be determined, although it is known that the CO0H 
terminus of TRP2 is completely different from the C00H 
termini of the 6- and c-proteins, 2 and thus should not cross- 
react with any of the antibody probes used in this study. 

The actual capacity of these molecules to function catalyt- 
ically as tyrosinase, t.e. to contain tyrosine hydroxylase and 
DOPA oxidase activities, has previously been demonstrated 
for the fa-protein in murine melanoma cells in vivo and in 
vitro (46, 60). Interestingly, both those studies reported the 
removal of only about 30% of total tyrosinase activity from 
extracts using tyrosinase-specific antibodies; whether the ty- 
rosinase remaining (-70%) was not recognized due to the 
deletion of relevant epitopes by mechanical means (e.g. by 
endogenous proteases) or whether it was due to the presence 
of other distinct tyrosinases could not be determined at that 
time- However, the abilities of the fc-protein and the c-protein 
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to function catalytically have recently been demonstrated by 
immunological and transection techniques, respectively (36, 
38, 41, 44). Tyrosinase is an unusual enzyme in that it 
contains two, and possibly a third, distinct catalytic activities. 
Thus it seemed reasonable to speculate that perhaps each of 
those enzymatic activities actually resided on separate mole- 
cules (such as the 6- and c-proteins) which by nature of their 
structural similarity were previously inseparable and indistin- 
guishable by most, if not all, biochemical purification tech- 
niques. In fact, we can only discriminate between these two 
proteins using immunologic reagents. In this study, we have 
used immune -affinity chromatography with pepti de-specific 
antibodies to purify both proteins and have been able to 
establish their catalytic potentials from the same cell type in 
order to more accurately measure their contribution to ob- 
served melanogenesis, their substrate specificity and any po- 
tential interactions. Both proteins were found to be competent 
for both of the catalytic activities ascribed to tyrosinase. 
However, although the 6- protein accounts for approximately 
20-30% of the total tyrosinase activity present in these me- 
lanocyte populations, the 6-protein is typically synthesized, 
and is present, in a higher concentration than the c-protein 
(10, 43, and our results). This shows that the specific catalytic 
activity of the c-protein must be significantly higher than the 
6-protein for these melanogenic activities. It may be that the 
lower specific catalytic activity of the 6-protein is one reason 
that previous attempts to demonstrate tyrosinase activity by 
the 6-protein using transfection protocols were unsuccessful, 
since the catalytic function of even the c-protein expressed 
by those transfected cells was relatively low (38, 45). These 
results also help to explain the previous contentions (as 
outlined in the Introduction) over the assignment of the albino 
or the brown locus as the structural locus for tyrosinase since 
both loci encode proteins with catalytic potential; the fact 
that the 6-protein has at least low levels of tyrosinase activity 
is consistent with previous studies showing significant but 
low levels of tyrosinase activity in albino animals, even though 
no melanin was formed (27-30). 

The fact that c-protein reactivity with aPEP5 can be easily 
detected in in vivo extracts of cells by Western blotting, but 
not by short (<6 h) pulse metabolic labeling suggests a slow 
rate of synthesis yet a highly stable nature for this protein. 
Such results are consistent with earlier studies showing an in 
vivo half- life for tyrosinase of greater than 12 h (1, 46, 61). 
Halaban and coworkers (25) have shown that rates of synthe- 
sis and degradation of tyrosinase can vary dramatically in 
different pigment mutants, and have a profound effect on 
pigment production by those tissues. Throughout the course 
of our studies, we have been unable to identify any reactivity 
with aPEP6 IgG, which should specifically recognize the 
Tyrs-33 transcript. This transcript contains a large deletion 
through one of the putative copper binding sites at exon 3 
(45), and also apparently has a deletion at the carboxyl 
terminus which results in a frameshift mutation and a unique 
carboxyl terminus. Our results suggest that translation of this 
misspliced mRNA either does not occur (or occurs at ex- 
tremely low frequency) in these cells, and/or that the protein 
produced has a very short half-life. Other products which 
occur as the result of misspliced mRNA from the albino locus 
(45), which maintain the correct carboxyl terminus, were 
detectable in this study. 

In related experiments, we have also used metabolic labeling 
and Western blot methods to examine the immunoreactivity 
of melanocyte proteins with these antibodies, before and after 
treatment with MSH (not shown). Similar results were found 
to the results outlined above, ie. that aFEPl and aPEP7 IgG 



recognized proteins expressed by MSH -treated cells under 
native conditions, and that «PEP2 IgG recognized the same 
protein only after the proteins had been denatured. Although 
MSH treatment resulted in a more than 30- fold increase in 
tyrosinase activity by these cells (46), the rates of 6- and c- 
proteins synthesized were not significantly increased (<2- 
fold); these results are consistent with a recent study which 
used Northern blot analyses to show that increases in tyrosin- 
ase activities in response to MSH stimulation are not regu- 
lated at the level of transcription (62). These results are 
consistent with previous studies on the activation of latent 
tyrosinase being the primary mechanism whereby MSH stim- 
ulates melanogenesis (1, 46, 61, 63). Throughout our experi- 
ments, the expression of the 6-protein has been relatively 
stable, while rates of c-protein synthesis have been variable, 
ranging from levels comparable to the 6-protein (as seen in 
Fig. 1) to levels 10-20 times lower (as seen in Fig. 5); future 
studies will be directed as characterizing factors which influ- 
ence the relative balance of expression of these two proteins, 
as well as their interactions. 

There are several critical implications of this work which 
demand a rethinking of our concepts of mammalian melano- 
genesis. First, we must now acknowledge the fact that melanin 
production does not depend on a single enzyme moiety. In 
addition to the homologous genes examined in this report, 
several other, immunologically cross-reactive gene products 
have recently been reported (34, 37, 64) including TRP2, 2 and 
although detailed information is not yet available to predict 
the extent of those sequence identities, there can be no doubt 
that a family of pigment- related, tyrosinase homologous genes 
is emerging. It has been clearly demonstrated that expression 
of tyrosinase mRNA alone does not ensure pigment produc- 
tion since normal amounts of tyrosinase message have been 
detected in amelanotic cells (36, 38). In addition to tyrosin- 
ase(s), several additional factors have been recently reported 
which function to inhibit or stimulate melanin production; 
these operate distal to tyrosinase activity and may be other 
critical regulatory controls (4-16). Second, the interrelation- 
ships of the albino and brown loci in the control of mammalian 
pigmentation have in some ways become more muddled rather 
than clarified due to the elucidation of the proteins encoded 
by those loci. There is no doubt that the albino locus controls 
whether pigment is produced by melanocytes and that the 
brown locus specifies the nature of the melanin produced 
(black versus brown). Conventional wisdom has suggested 
that either locus might encode a melanogenic regulator of 
some kind, or an enzymatically functional molecule, but not 
that both loci might encode such highly conserved catalyti- 
cally functional molecules. Complementation between the 
products of the albino and brown loci has been recently shown 
to produce normal black melanin (65). One obvious possible 
explanation, i.e. that one molecule has tyrosine hydroxylase 
activity while the other has DOPA oxidase activity, does not 
seem to be the case since our concerted efforts to demonstrate 
this have failed; each of the two proteins seems to be compe- 
tent for both catalytic functions. Studies are now underway 
in our and in other laboratories to more definitively examine 
the proteins and catalytic activities expressed by melanocytes 
derived from different pigment mutations; such studies should 
eventually define the mechanisms involved in the interaction 
of these pigment related genes. It may be that we have not 
yet defined the optimal substrates and conditions to assess 
the interactions of these two closely related enzymes. It has 
been recently proposed that metal ions and catalase and/or 
peroxidase activities might also be involved in the regulation 
of melanin production (9, 10, 13, 14); Halaban and Moellmann 
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(10) have reported that the b- and c-proteins have two poten- 
tial iron-binding sites which, combined with the fact that iron 
has recently been shown to be critical to stimulation of 
tyrosinase activity (14), suggests that the iron-binding poten- 
tial may be as important to the catalytic function of tyrosinase 
as its copper-binding potential. Recent work demonstrating 
that the albino mutation results from the mutation of one of 
these iron binding sites (Cys 90 to Ser) (66) and that the brown 
mutation similarly results from a mutation in the same iron 
binding site (Cys* 7 to Tyr) (58) further underscores the critical 
nature of this metal-binding site. Third, recent studies have 
demonstrated that mRNAs transcribed from these loci are 
aberrantly processed, that is, they are misspliced, to varying 
degrees in murine (40, 45) and in human (37, 38, 56) melan- 
ocytes. The inability of several of these misprocessed proteins 
to function catalytically has been shown (36, 38, 41) but 
whether this splicing step might also function in the regula- 
tion of melanogenesis, either directly by controlling the 
amount of functional enzyme, or indirectly if the misspliced 
proteins turn out to be functional themselves (eg. as compet- 
itive inhibitors), is another intriguing possibility. Our anti- 
peptide IgG, which recognize the aberrant products, will be 
one approach to answering this question. Fourth, and perhaps 
most importantly, is the alteration of gene expression and the 
increased xnisprocessing of mRNA transcripts by transformed 
melanocytes. It has been known for some time that neoplastic 
cells have altered patterns of protein expression; many of 
these altered proteins can function as tumor- specific markers, 
and in some cases, as tumor rejection antigens (67). Although 
many laboratories have been involved in the effort to identify 
and characterize tumor specific antigens, and the genetic 
mechanisms responsible for their production, none to date 
have been more than partially successful. The alteration in 
the patterns of expression of the brown and the albino loci by 
normal and transformed melanocytes may well turn out to be 
an optimal system for such studies, since the genes involved 
have already been cloned, and mapped, and the products of 
those genes have defined (albeit confusing at this time) func- 
tions in mammalian cells. 
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Melanin is specifically produced in melanocytes. The 
pathway for melanin biosynthesis is regulated by a num- 
ber of melanocyte- specific proteins, including tyrosi- 
nase and tyros inase-related protein-1 <TRP-1, 6 locus 
protein). To understand the regulation of melanogene* 
sis, we examined tyrosinase activities, mRNA levels of 
tyrosinase and TRP-1 1 and eumelanin and pheomelanin 
contents in mouse B16-F1 melanoma cells after tbey 
had been treated with some melanotropic reagents. 
Cholera toxin, ar-melanocyte-stimulating hormone, and 
dtbutyryi cyclic AMP increased tyrosinase activity and 
stimulated eumelanin biosynthesis. These reagents ele- 
vated intracellular cAMP levels. In contrast, 12-O-tet- 
radecanoylphorbol 13-acetate reduced tyrosinase activ- 
ity and eumelanin synthesis. In all cases, the mRNA lev- 
els of tyrosinase and TRP-1 changed in parallel with 
tyrosinase activity and eumelanin content. TRP-1 was 
induced simultaneously with tyrosinase, although its in- 
ducibility was lower than that of tyrosinase. These re- 
sults suggest that the expressions of tyrosinase and 
TRP-1 genes are coord mat ely regulated by melanotro- 
pic reagents through cAMP-dependent protein kinase 
and protein kinase C in mouse B16-F1 cells, and 
that their coordinate expression causes eumelanin 

biosynthesis. C- I&93 Academic Pre**, Inc. 



INTRODUCTION 

Melanin determines the skin and hair color of ani- 
mals and is especially important for protecting skin 
from harmful ultraviolet irradiation in humans. It is syn- 
thesized specifically in melanocytes of hair follicles, 
eyes, and the basal layer of epidermis. From the chemi- 
cal structure, there are two classes of melanin pigments, 
eumelanin and pheomelanin. Eumelanin is a dark- 
brown to black pigment which 19 insoluble in acid and 
alkali and contains no sulfur (0-1%). Pheomelanin is a 
yellow to reddish-brown pigment which is soluble in al- 
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kali and contains sulfur (9-12%) [1], Eumelanin is more 
abundant and is an essentia) pigment in mammals. 

Melanin biosynthesis occurs through sequential steps 
known as the Moson-Raper pathway [2] and is regu- 
lated by many melanotropic stimulations. Many mela- 
nocyte-specific proteins are involved in melanogenesis. 
Recently several melanocyte-specific cDNA clones en- 
coding tyrosinase and other proteins have been isolated 
and characterized [3]. Tyrosinase (EC 1.14.18.1) is a 
rate- limiting and most important enzyme in melano- 
genesis, which catalyzes the conversion of tyrosine to 
3,4-dihydroxyphenylalanine (DOPA) and DOPA to 
DOPAquinone (2, 4 J. The tyrosinase gene is mapped to 
the c locus on chromosome 7 in mice and to chromosome 
11 in humans [5], It has been found that the albino, 
himalayan, and chinchilla mutants are caused by point 
mutations of tyrosinase [6-11]. 

The two novel cDNAs, tyrosinase- related protein-1 
(TRP-1) and tyrosinase- related protein-2 (TRP-2), 
were also isolated and identified as tyrosinase-asso- 
ciated proteins (12, 13]. They have —40% amino acid 
homology with tyrosinase and have the same structural 
features, including two copper binding sites, two cys- 
teine-rich regions, a signal peptide, and a transmem- 
brane domain [13], The TRP-1 gene is mapped to the b 
locus on mouse chromosome 4, and the point mutation 
of TRP-1 causes the brown mutant [14, 15}. The eume- 
lanin content in the skin of brown mutant mice was 
much lees than that of wild- type mice, but the pheome- 
lanin content was the same [16]. Thus, it is suggested 
that the function of TRP-1 is closely related to eume- 
lanin biosynthesis. TRP-2 has been demonstrated to 
have DOPAchrome tautomerase activity, which con- 
verts DOPAchrome to 5,6-dihydroxyindole-2-carbox- 
ylic acid (DHICA) [17]. This enzyme controls the pro- 
portion of carboxylated subunit in eumelanin. The gene 
is mapped to the slaty locus on mouse chromosome 14 
J 13]. The mutant shows dark-gray /brown skin colors. It 
is probable that, in addition to tyrosinase, these novel 
melanocyte-specific proteins play important roles for 
melanogenesis. Their significance in the regulation of 
melanogenesis has only begun to be elucidated; how- 
ever, much remains to be clarified. 
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In this paper we report that in mouse B16-F1 mela- 
noma cells expressions of tyrosinase and TRP-1 genes 
are induced coordinately by melanogenic reagents and 
repressed also coordinately by 12-0-tetradecanoylphor- 
bol-13-acetate (TPA). The possibilities that gene ex- 
pressions of tyrosinase and TRP-1 are controlled by a 
common regulatory mechanism through cAMP-depen- 
dent protein kinase and protein kinase C and that the 
two proteins have synergistic roles in melanogenesis are 
discussed. 

METHODS 

Chemicals, Cholera toxin, o- melanocyte -stimulating hormone (a- 
MSH), dibutyryl cyclic AMP (dbcAMP), and TPA were puichased 
from Sigma Co. (St. Louis. MO). L-|3,5- 3 H]Tyrosine t |cr-"P)dCTP, 
and the cyclic AMP assay system were from Aroereham Japan Ltd.* 
(Tokyo, Japan). The Bio-Rad protein assay system was from Japan 
Bio-Rad Laboratorieg Ltd. (Tokyo. Japan). The random primer DNA 
labeling kit was from Takara Shuzo Co. (Kyoto. Japan). CelHe 545 
was from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 

Celt culture conditions. Mouse B16-F1 melanoma cells were ob- 
tained from American Type Culture Collection. Every 1 or 2 months 
new cultures were started from frozen stock to prevent phenotypic 
changes of the cells. Cells were cultured in DME/F12 culture medium 
supplemented with 200 units/ml penicillin G.0.1 mg/ml streptomycin 
sulfate, and 10% fetal calf serum and incubated at 37°C in a humidi- 
fied atmosphere of 5% CO,. Viable cell numbers were counted by the 
0.15% trypan blue exclusion method with the use of a hemocy- 
tometer. 

DOPA oxidase activity. This assay was done according to the 
method described by Jara et ai. (4) with some modifications, Subcon- 
fluent cells cultured in 90- mm culture dishes were lysed with 4 ml of 
0.5% deoxychobc acid, 50 mM Tris-Cl (pH 7.5). These cell lysates 
were used as samples for the assays of DOPA oxidase and tyrosine 
hydroxylase activities and melanin contents. Each 0.6- ml sample was 
incubated with 1.8 ml of 0.17% Triton X-100. 0.1 M KH,PO« bufTer 
(pH 6.8), and 0.6 ml of 5 mM l-DOPA at 37'C. OD 479 M due to 00- 
PAchrome formation was monitored by a spectrophotometer (Gil- 
ford 250). 

Tyrosine hydroxylase activity. Thi s assay was a bo done according 
to the method described by Jara et at 14). Each 10 jd of sample was 
incubated at 37°C for 1 h with 10/il of 0.1 M KH,P0 4 buffer (pH6.8). 
10 |il of antibiotic mixture (1 mg/ml chloramphenicol, I mg/ml cyclo- 
heximide, 1000 units/ml penicillin G. 0.1 mg/ml bovine serum albu- 
min, 0.05 mM L-DOPA, 1 *\ of L-|3.5- a H] tyrosine (1 M Ci4d. 50 Ci/ 
mmol), and 18 /1! of distilled water. After incubation, 0.95 ml of 2.596 
trichloroacetic acid containing activated charcoal (65 mg/ml) and Ce- 
Ute 545 (65 mg/ml) was added to the sample and agitated continu- 
ously for 1 h at room temperature. After centrifugation at 10,000 rpm 
for 10 min, 400 jil of supernatant was taken and counted for radioac- 
tivity using a liquid scintillation counter (Packard Tri-Carb 4530). 

Melanin content. The eumelanin and pheomelanin contents in 
samples were analyzed by the method of Ito et at [1). The eumelanin 
and pheomelanin contents were calculated on the basis that I ng of 
pyrrole- 2,3,5 -tricarboxylic acid and 1 ng of a minohydroxy phenylala- 
nine roughly correspond to 50 ng of eumelanin and 6 ng of pheomela- 
nin, respectively. 

Protein content. Protein contents in samples were measured using 
the Bio-Rad protein assay system. 

Cyclic AMP assay. Intracellular cAMP levels were measured ac- 
cording to the protocol of A merchants cAMP assay system by the 
method of radioimmunoassay. The cAMP was extracted from cells 
with ice-cold 65% ethanol. 



isolation of RNA. Total cellular RNA was isolated according to 
the rapid isolation method |18], Subconiluent cells in 90-mra plate* 
^ twiGe With P h <>sphate-buffered saline and then 4 ml of 10 
rnM EDTA (pH 8.0), 0.5% SDS was added. The lysate was collected 
by scraping into a 50-ml tube and combined with 4 ml of 0 1 M sodium 
acetate (pH 5 2). 10 mM EDTA ( P H 8.0). The tube was shaken with 8 
ml of phenol (equilibrated with water) and centrifuged at 3400 rpm 
for 40 min at 4°C. The water phase was transferred to a fresh tube 
and total cellular RNA was precipitated twice with ethanol and the 
amount was measured with a spectrophotometer (Hitachi U-2000). 

Northern blot analysis. Northern blot analysis was performed ac- 
cording to the method described (19). Each 7 „g of total cellular RNA 
was electrophoresed through a 1% agarose gel containing 6% formal- 
dehyde. The RNA was completely transferred to a nylon membrane 
filter. The filter was hybridized with ^P-labeled probe in 50% form- 
amide, 5X SSPE, 5X Denhardl's solution, 0.1% SDS. 20 ug/ml her- 
ring sperm DNA at 42'C for 16 h. The hybridized filter was washed 
w.th 0.1X SSC. 0.1% SDS at 50°C and then autoradiography for 
7-90 h at -80"C with an intensifying screen. The density of each 
band of the autoradi ©graph was measured with an enhanced laser 
densitometer (LKB Uhroscan XL). 

Probes. Radiolabeled probe (sp act 1-2 X 10" cpm/>*g DNA) was 
made using the random primer DNA labeling kit with |a- n P)dCTP. 
The DNA probes used are as follows: tyrosinase, SpAMT > I (mouse 
tyrosinase gene exon 1) 16]; TRP-1. p MT4 (mouse TRP-l 
cDNA) |12J; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
pSPGAPDH (rat GAPDH cDNA) (20]; and ribosomal protein L35a' 
pRL35a (rat L35a cDNA) (21 j. 



RESULTS 

Effects of Melanotropic Reagents on Tyrosinase Activity 

We examined the effects of cholera toxin, a-MSH, 
dbcAMP, and TPA on DOPA oxidase activity and cell 
proliferation of B16-F1 melanoma cells. DOPA oxidase 
activity, which catalyzes the conversion of DOPA to 
DOPAquinone, is characteristic of tyrosinase activities. 
As shown in Figs. 1A and IB, cholera toxin and a-MSH 
increased DOPA oxidase activity and suppressed cell 
growth in a dose-dependent manner. Both cholera toxin 
and a-MSH were effective at the concentrations higher 
than 10" 11 and 10~ 8 M, respectively. DbcAMP increased 
DOPA oxidase activity at concentrations from 0.5 to 2 
mM (Fig. 1C). In contrast, TPA reduced DOPA oxidase 
activity dose dependently, but did not affect cell prolifer- 
ation (Fig. ID). The effect of TPA on DOPA oxidase 
activity was observed at concentrations higher than 1.6 
X 10 8 Af. The effective concentrations of the reagents 
used in this experiment were similar to those described 
in other papers 122-261. It was interesting to observe 
that TPA suppressed the elevated level of DOPA oxi- 
dase activity caused by cholera toxin treatment anta- 
gonistically (Fig. IE). A similar effect of TPA was also 
observed against a-MSH and dbcAMP (data not 
shown). Therefore, it is suggested that TPA has an an- 
tagonistic effect against cholera toxin, a-MSH, and 
dbcAMP. The time courses of the effect of cholera toxin 
(10 9 Af) in the presence or absence of TPA (1.6 X 10*" 7 
M) on DOPA oxidase activity are shown in Fig. IF. Choi- 
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era toxin increased DOPA oxidase activity, with a peak 
at the third day after treatment, and TPA reduced it to 
the great extent The antagonistic effect of TPA against 
cholera toxin was observed throughout the entire period 
examined. 



Effects of Melanotropic Reagents on Intracellular 
cA MP Levels 

It is reported that cholera toxin and cr-MSH activate 
adenylate cyclase, thus resulting in the elevation of in- 
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TABLE 1 

Intracellular Cyclic AMP Levels in Cells Treated with C holera Toxin, a-MSH. and TPA 
Cyclic AMP levels (frool/10* cells) 



Treatment 



Oh 



0.5 h 



4 h 



6 b 



24 h 



48 h 



None 
TPA 
a-MSH 

ff-MSH + TPA 
Cholera toxin 
Cholera toxin + TPA 



19.2 ± 3.03 
nd 
nd 
nd 
nd 
nd 



nd 

22.7 ± 3.05 
3990 ± 1290 
6990 ± 1940 

nd 

nd 



nd 

23.6 + 0.71 
nd 
nd 

1450 + 659 
1620 ± 236 



23.2 + 3.88 
nd 

62.0 ± 35,0 
36.0 ±1.41 

nd 

nd 



29.9 ± 2.07 
32.9 ± 4.03 
58.0 ± 10.6 
60.2 ± 5.37 
667 ± 260 
473 ± 251 



22.9 ± 8.12 
18.6 ± 7.09 

36.0 ± 21.1 

16.1 ±0.71 
nd 

nd 



de^in^ed 163 ^ " me ° nS ± 8Un<lBrd deviations <» = 2 " 6 >- TPA, 1.6 X 10"' M; o-MSH, 10- M; cholera toxin. 10"» A/, nd, not 



tracellular cAMP levels [22, 27]. It is also reported that 
TPA activates protein kinase C and can modify cAMP 
levels in some cell lines {28, 29). In order to clarify 
whether melanogenic reagents used in this experiment 
have an activating effect on adenylate cyclase and 
whether TPA also has an effect on the enzyme, we mea- 
sured intracellular levels of cAMP before and after 
treatment of the reagents in B16-F1 cells. Table 1 shows 
the results. a-MSH elevated the cAMP level 200-fold 
higher than that in control cells (at 0.5 h). The cAMP 
levels of cholera toxin-treated cells were also elevated 
30- to 75- fold (at 4 and 24 h). Treatment with TPA 
alone showed no effect on cAMP levels. However, the 
cAMP level of the cells treated with a-MSH + TPA (at 
0.5 h) was higher than that of cells treated with a-MSH 
alone (P < 0.05, t test). In this case, it appeared that 
a-MSH and TPA synergistically elevated the cAMP 
level in the treated cells. The reason for this phenome- 
non is unknown. Whether TPA emphasized the activat- 
ing effect of a-MSH on adenylate cyclase or inhibited 
phosphodiesterase activity remains to be clarified. 
When TPA was added with cholera toxin, no additional 
effect on the elevation of cAMP was observed at each 
time examined. The facts indicate that TPA exerts an 
antagonistic effect against a-MSH and cholera toxin on 
DOPA oxidase activity without suppressing the cAMP 
levels. These results suggest that tyrosinase activity is 
induced by the elevation of intracellular cAMP, presum- 
ably through cAMP-dependent protein kinase, and re- 
duced by TPA through protein kinase C without affect- 
ing the cAMP levels. 

Effects of Melanotropic Reagents on Eumelanin and 
Pheomelanin Contents and the mRNA Levels of 
Tyrosinase and TRP-1 

To determine the effects of these melanotropic re- 
agents on the induction of tyrosinase and TRP-1 genes 
and also on melanin production, we examined the 
changes in mRNA levels of tyrosinase and TRP-1 and 
of eumelanin and pheomelanin contents at 48 h after 
treatment with reagents. Each reagent was used at its 



effective concentration (10~° M cholera toxin, 10~* M 
a-MSH, 0.5 raM dbcAMP, and 1.6 X 10" 7 M TPA). The 
specific activities of tyrosine hydroxylase and DOPA 
oxidase are shown in Fig. 2A. The changes in these two 
enzyme activities were parallel to each other. The ratios 
of the values between two assays were consistent with 
those previously reported [4 J. TPA reduced the levels of 
both enzyme activities to 25-33% of those of non treated 
cells. Cholera toxin, a-MSH, and dbcAMP increased 
the activities to 130-188%. In the presence of TPA, this 
stimulatory effect of melanogenic reagents on the en- 
zyme activities was abolished. The eumelanin and pheo- 
melanin contents in the cells after treatment with the 
melanotropic reagents are shown in Fig. 2B. Here again, 
the melanogenic reagents increased the eumelanin con- 
tents (190-500% of nontreatment levels) and TPA an- 
tagonistically reduced eumelanin production (46% of 
nontreatment levels), the change in which was almost 
parallel to that in tyrosinase activities. On the other 
hand, pheomelanin contents were not significantly 
changed. Eumelanin biosynthesis is actually regulated 
in response to melanotropic stimulations. Figure 3 
shows the mRNA levels of tyrosinase and TRP-1 in the 
cells before and after treatment with melanotropic re- 
agents, as determined by Northern blot analysis. 
GAPDH and ribosomal protein L35a were used as in- 
ternal standards. It can be clearly seen that the mRNA 
levels of tyrosinase and TRP-1 change in parallel with 
tyrosinase activity and eumelanin contents (Figs. 3A 
and 3B). Cholera toxin, a-MSH, and dbcAMP elevated 
the tyrosinase mRNA level to 340-550% and the TRP-l 
mRNA level to 200-300% of that of nontreated cells. 
The mRNA levels of GAPDH and L35a were limited 
maximally to a 170% increase. Treating the cells with 
TPA caused a reduction in the mRNA levels of tyrosi- 
nase and of TRP-1 to 26 and 41% of nontreatment lev- 
els, respectively. These results indicate that gene ex- 
pressions of tyrosinase and TRP-1 are actually induced 
by melanogenic stimulations and that the inducibility of 
tyrosinase is higher than that of TRP-1. Figure 3C 
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FIG. 2. Effects of the reagents on tyrosine hydroxylase and DOPA oxidase activities (A) and eumelanin and pheomelanin contents (B). 
Cells (1 X 10 s ) were seeded in 90-mm plates and the reagents were added to the culture medium. The cells were harvested after 48 h of culture, 
except that O was harvested at 0 hours (start point), and tyrosine hydroxylase and DOPA oxidase activities and eumelanin and pheomelanin 
contents were measured. The specifications of the treatments are: B, BALB/c 3T3 fibroblast cells (negative control); O t 0 hours (start point); 
N, no treatment; T, TPA (1.6 X 10* 7 M)\ C, cholera toxin (10"* A/); CT. cholera toxin (10 -9 Af) + TPA (1.6 X 10~* AO; M, a-MSH (10"* M)\ MT, 
a-MSH (10"* AO + TPA (1.6 X 10" 1 AO; A, dbcAMP (0.5 mAf); AT, dbcAMP (0.5 mhf) + TPA (1.6 X 10* 7 Af). All of the values represent mean 
values and the bars represent standard deviations (n=*4). The significant differences are as follows: tyrosine hydroxylase activity — T, P < 0.01; 
C. P < 0.06; A, P < 0.01; DOPA oxidase activity— T, P < 0.01; C, P < 0.05; M, P < 0.05; A,P< 0.01; eumelanin contents— T. P < 0.05; C, P < 
0.01; M, P < 0.01; respectively, compared with N t t test. 



shows the time courses of the mRNA accumulations in 
the cells treated with melanotropic reagents. At all 
times examined, the changes in the mRNA levels of ty- 
rosinase and TRP-1 were parallel. Cholera toxin ele- 
vated mRNA levels of tyrosinase and TRP-1 as early as 
6 h after the treatment, but TPA did not show an obvi- 
ous reduction in mRNA levels until 48 h after the treat- 
ment. Thus, it can be said that tyrosinase and TRP-1 
genes are activated coordinately by the melanogenic re- 
agents and are inactivated by TPA, although the effects 
of cholera toxin and a-MSH are rapid and that of TPA 
occurs after a long lag period. 

From the results reported here, we conclude that eu- 
melanin biosynthesis in mouse B16-F1 melanoma cells 
is regulated by the coordinate expression of the genes 
for tyrosinase, and TRP-1, and that this expression is 
regulated, if not entirely, at least to a great extent, 
through cA MP- dependent protein kinase and protein 
kinase C. 

DISCUSSION 

Many studies of the effects of melanotropic reagents 
on pigment cells and their signal transduction pathways 



to melanogenesis have been reported. a-MSH and chol- 
era toxin have been shown to stimulate melanogenesis 
by cAMP accumulation through a-MSH receptors and 
ADP ribosylation of Gsa, respectively [22, 25-27], 
DbcAMP is also known to stimulate melanogenesis |23, 
30). In some melanoma cell lines the elevation of cAMP 
levels does not always stimulate melanogenesis (27); 
however, in most melanoma cell lines, including B16-F1 
cells, the accumulation of cAMP correlates with an in- 
crease in tyrosinase activity and melanin production 
[22, 27). TPA is known to activate protein kinase C (28), 
and it is reported that this reagent affects melanogene- 
sis. In various melanocyte and melanoma cell lines, 
TPA shows different effects, in some cases exerting an 
opposite effect on melanogenesis (24, 26, 30). It is 
known that long treatment with TPA suppresses pro- 
tein kinase C by down-regulation [31). In various tis- 
sues, signal transduction pathways of cAMP -dependent 
protein kinase and protein kinase C exert positive or 
negative effects on each other [28J. The cross-talk of 
signal transduction pathways may occur frequently in 
many kinds of cells. In mouse B16-F1 melanoma cells, 
we showed that, cholera toxin, a-MSH f and dbcAMP 
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elevated cAMP levels and stimulated melanogenesis. 
On the other hand, TPA inhibited melanogenesis with- 
out having a significant effect on cAMP levels. Based on 
these results, it can be said that melanogenesis in these 
cells is enhanced by intracellular cAMP, probably 
through the activation of cAMP-dependent protein ki- 
nase, and is repressed by TPA without suppressing 
cAMP levels, presumably through protein kinase C. 
Nevertheless, it is possible that other signal transduc- 
tion pathways and their cross-talk may be involved in 
melanogenesis in these cells. 

The function of TRP-1 protein is not so well estab- 
lished. It is reported that TRP-1 has no tyrosine hydrox- 
ylase activity, no DOPA oxidase activity, no DO- 
PAchrome tautomerase activity, and no 5,6-dihydrox- 
yindole oxidase activity [17 J. On the other hand, there is 
evidence that it has catalase activity [32J or tyrosinase- 
like activity [33J. Very recently, it was suggested that 
TRP-1 can stabilize tyrosinase proteins and that it has 
DHICA oxidase activity (K. Tsukamoto and V. J. Hear- 



ing, presented at the 7th Annual Meeting of Japanese 
Society for Pigment Cell Research). The TRP-1 gene 
has been mapped to the mouse 6 locus, and it has been 
found to rescue the phenotypic change of the brown 
mutant melanocyte to a black one |34J. Therefore, it is 
certain that TRP-1 plays an important role in eume- 
lanin biosynthesis. 

In mouse melanoma cells treated with a-MSH, 
dbcAMP, and TPA, the mRNA levels of tyrosinase* 
change in parallel with tyrosinase activities [25, 26]. Us- 
ing the specific monoclonal antibody, it was shown that 
the protein content of TRP-1 changed almost in parallel 
with tyrosinase activity in human melanocytes treated 
with dbcAMP [30]. In this paper, we showed that the 
mRNA level of TRP-1 was coordinated regulated with 
that of tyrosinase by various melanogenic reagents and 
was reduced coordinately by TPA in mouse BlS-Fl mel- 
anoma cells. It may not be totally applicable to all pig- 
ment cell lines because of their phenotypic differences. 
However, the coordinate expressions of tyrosinase and 
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TRP-1 genes are reasonable and purpose-directed for 
effective regulation of melanogenesis, because eume- 
lanin is produced through sequential reactions regu- 
lated by the amounts and activities of some key pro- 
teins, including tyrosinase and TRP-1. At present, we 
do not know whether the change in mRNA levels of 
tyrosinase and TRP-1 is caused by a change in tran- 
scriptional activation or in mRNA stabilities. However, 
it is certain that transcriptional regulation plays a ma- 
jor role in the change in mRNA levels, which is the ini- 
tial and most important step of gene expression [35]. 
Eventually it is supposed that the coordinate transcrip- 
tional regulation of tyrosinase and TRP-1 genes causes 
the coordinate change in the protein contents and activi- 
ties and finally causes the effective regulation of melano- 
genesis. 

The transcriptional regulation of tyrosinase and 
TRP-1 genes has been the focus of many studies. De- 
spite the similarity of their protein structures, the gene 
structures and promoter sequences of tyrosinase and 
TRP-1 are quite different (36). The mouse tyrosinase 
gene has both TATA and CCAAT boxes, which are core 
elements found in most tissue -specific genes (371. How- 
ever, the mouse TRP-1 gene does not have obvious se- 
quences such as TATA and CCAAT box motifs, al- 
though it does have an inverted CCAAT sequence on 
the opposite strand and a sequence similar to a TATA 
box |36, 39]. The promoter of the tyrosinase gene has 
putative cAMP- responsive and TPA-responsive ele- 
ments (CRE, TRE, and AP-2 binding element), al- 
though whether they are functional is not evident {26, 
37 J. In the promoter region of the TRP-1 gene, there are 
no CRE, TRE, and AP-2 binding consensus sequences 
[36]. How cAMP-dependent protein kinase and protein 
kinase C coordinately regulate the expression of the ty- 
rosinase and TRP-1 genes remains to be elucidated. 

The 270-bp promoter region containing the tran- 
scription start site of the mouse tyrosinase gene [38] 
and the regions encompassing nucleotide residues —38/ 
+154 |39] and -44/+107 [40] of the mouse TRP-1 gene 
have been shown to be sufficient for pigment cell-speci- 
fic expression of these genes. In these promoter regions, 
a common consensus 11-bp sequence, AGTCATGT- 
GCT, was found [36, 39, 40). The sequence is termed an 
M-box, and a specific protein (M -box-binding factor 1) 
binds to the sequence and enhances the transcriptional 
activity of the TRP-1 gene [40]. It is certain that this 
consensus sequence plays an important role in melano- 
cyte-specific expression. Surprisingly, however, this 
factor is not specific to melanocyte, since it was also 
detected in extracts from N1H3T3 fibroblast cells [40], 
Further study of the transcriptional regulatory mecha- 
nism is awaited to understand the coordinate expres- 
sion of the melanocyte-specific genes. 
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Cancer Research Center) for their generous gifts of DNA probes. 



REFERENCES 



1. I to, S.. and Fujita, K. (1985) Anal Biochem. 144, 527-536. 

2. Murray, M., Pawelek, J. M., and Lamoreux, M. L. (1983) Dev. 
Biol 100, 120-126. 

3. Hearing, V. J., and Jimenex, M. (1989) Pigm. Ceil Res. 2, 75-85. 

4. Jara, J. R, Solano. and Lozano, J. A. (1988) Pigm. Cell Res. 1 , 
332-339. 

5. Barton, D. E., Kwon. B. S. f and Francke, U. (1988) Genomics 3, 
17-24. 

6. Shibahara, S., Okinogo, S., Tomita, Y., Takeda, A., Yamamoto, 
H., Sato, M., and Takeuchi, T. (1990) Eur. J. Biochem. 189, 
455-461. 

7. Yokoyama, T., Silversides, D. W., Wayrnire, K. G., Kwon, B. S., 
Takeuchi, T., and Overbeek, P. A. (1990) Nucleic Acids Res. 1 8, 
7293-7298. 

8. Jackson, I. J., and Bennett, D, C. (1990) Proc. NatL Acad. Sci 
USA 87, 7010-7014. 

9. Tomita, Y., Takeda, A., Okinaga, S., Tagami, H„ and Shibahara, 
S. (1989) Biochem. Biophys. Res. Commun. 164, 990-996. 

10. Kwon, B. S., Halaban. ft, and Chintamaneni. C. (1989) Bio- 
chem. Biophys. Rex. Commun. 16 1 , 252-260. 

11. Beermann, F., Ruppert, S., Hummler, E., Bosch, F. X.. Muller, 
G., Rather. U., and Schutz, G. (1990) EM BO J. 9, 2819-2826. 

12. Shibahara, S., Tomita, Y.. Sakakura, T., Nager, C, Chaudhuri, 
B., and Muller, R. (1986) Nucleic Acids Res. 14, 2413-2427. 

13. Jackson, I. J., Chambers, D. M., Tsukamoto, K., Copeland, 
N. G., Gilbert. D. Ji, Jenkins, N. A., and Hearing, V. J. (1992) 
EM BO J. 11,527-535. 

14. Jackson, I. J. (1988) Proc NatL Acad. Sci USA 85, 4392-4396. 

15. Zdarsky, E., Favor, J., and Jackson, 1. J. (1990) Genetics 126, 
443-449. 

16. Tamate, H. B., Hirobe, T., Wakamatsu, K., Ito, S., Shibahara, 
S., and lshikawa. K. (1989) J Exp. ZooL 250. 304-31 1. 

17. Tsukamoto, K., Jackson, I. J., Urabe, K., Montague, P. M., and 
Hearing, V. J. (1992) EMBO J. 11, 519-526. 

18. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual (Ford, N., and Nolan, C, Eds.), 
2nd ed., pp. 7.10-7.11, Cold Spring Harbor Laboratory Press. 
Cold Spring Harbor, New York.. 

19. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual (Ford, N., and Nolan, C, Eds.), 
2nd ed., pp. 7.43-7.52, Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York. 

20. Fort, P., Marty. L., Piechaczyk, M., Sabrouty, S. E., Dani, C. 
Jcanteur, P., and Blanch a rd, J. M. (1985) Nucleic Acids Res. 13, 
1431-1442. 

21. Tanaka, T.. Wakesugi, K., Kuwano. Y., lshikawa, K., and Ogata, 
K. (1986) Eur. J. Biochem 154, 523-527. 

22. O'Keefe, E., and Cuatrecasas, P. (1974) Proc. NatL Acad. Sci 
USA 71,2500-2504. 

23. Giuffre, L^ Schreyer, M., Mach, J., and Carrel, S. (1988) Cancer 
61, 1132-1141. 

24. Huberman, E., Heckman, C, and Langenhach, R. (1979) Cancer 
Res. 39, 2618-2624. 

25. Hoganson, G. E., LedwiU-Rigby, F., Davidson, R. L.. and Fuller, 
B. B. (1989) Somatic Cell MoL Genet. 15, 255-263. 

26. Fuller, B. B., Niekrasx, 1.. and Hoganson. G. E. (1990) Mot Cell 
Endocrinol 72,81-87. 



o 



3 



.2 o 
« c 



8 

e 
j£ 
o 

C 



ft* . 

si 



s I 
1 1 

2 1 

6 & 



a * 



5j 
a. 



CO 

c 
o 

* 

c 
<a 

co 



S us 

2 1 

g co r 



2 <» 



2 52 



S ~ 8 



fa g 

-> a, 

- ^ go 

«S g w 

a) ^ > 

CO CO M 
— -3 -S _ 

X2 Z ^ 



i". 

•o ^ 

jc <0 
CO tj 

« a 

u. ~ 

5 a 

52 

a> . 
r o 

s-s 

I' . 



2 tr> 
o « 

is 

. CD 

a: o> 



= x 
s - 

. E 

x S> 

jc «^ 

&S 

6- r 

T> 
CO „ 
. CO 

51 

JC o 
JO 

jc ^ r 
CO H 



s 



c 

=5 



N CM 
D CO 

> <o 
to CO 

. ^ co 



8 



2 5 



*1 



2 1 

CO i-i 
CD < 



a 



§5^ 



CD 



X 

'3 
J* 

CO 

co" w 

,y CO 

2 CO 
i3 0) 



■3 

J* 

a « 

5* 



5* 

"I 

- o> 



C 
C 

a 

H 

=3 



C 



•a 
c 



2 a: 



S{2 
IT 

a* ^ 

CO O 

*5.^ 



S . S r jS 



at r- 

. CO 

- i 

Si! 



if 
si 

Q C 



00 



o -* 

CO CO 



s 

CD 



2< 

CM > 

Q> o 

a c 

8-2 

rl S 
Q o> 

-a > 
« *0 
.> » 

o > 
^ 



Efttrez PubMed 



Page 1 of 1 





All Databases 



PubMed 

www . pubmed. gov 

PubMed Nucleotide Protein Genome 



A service of the National Library of Medicine 
and the National Institutes of Health 



My NCBI \B 

[Sign fn] [Register) 



Structure 



OMIM 



PMC 



Journals 



Books 



Search PubMed 



1 forf 



Limits Preview/Index History Clipboard Details 



Display |AbstractPlus g| Show |20 J|[Sort by f||Sendto jf| 



All: 1 Review: 0 j&J 



IT 1: Ph ysiol Rev. 1950 Jan;30(l):91-126. 

Biochemistry of melanin formation. 
LERNER AB . FITZPATRICK TB . 

PMID: 15403662 [PubMed - OLDMEDLINE for Prel966] 



Full text article at 
physrcv.phystology.org 



Links 



Related Links 

[Biochemistry of the formation of melanin 
in the human skin.] [Hospital (Rio J). 19531 

THE RELATION BETWEEN MELANIN 
FORMATION AND *SQ<mMfi&m*o). 19641 

WATER-SOLUBLE MELANIN PREPARATION. 

[Ada Biol Acad Sd Hung. 19641 

[Melanin; recent conclusions on cutaneous 
melanin formation; review. jsibl Laeper. 19541 

Formation of melanin in regenerating limbs 
of a crustacean. [Nature. 19491 

See all Related Articles... 



Display JAbstractPlus 



H Show 1 20 1|| Sort by JJ|Sendto 



Write to the Help Desk 
NCBI | NLM | N1H 
Department of Health & Human Services 
Privacy Statement | Freedom of Information Act | Disclaimer 



Aug 14 2006 08:07:58 



http://vmw.ncbi.nlm.nih.gov/entrez/query.fcgi 8/15/2006 



BIOCHEMISTRY OF MELANIN FORMATION 



AARON BUNSEN LERNER AND THOMAS B. FITZPATRICK 1 
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School of Medicine 

ANN ARBOR, MICHIGAN 

and the Mayo Foundation 

ROCHESTER, MINNESOTA 

Melanin pigmentation has aroused the curiosity and attention of man 
since the beginning of recorded history. This interest stems in part from 
the social, protective and cosmetic significance of pigmentation. In addi- 
tion, much interest has arisen concerning the possible role of melanin formation in 
the development of the melanoma which has been described as having the most sinis- 
ter reputation of malignant tumors (i). As Ewing (2) has stated, "The variations in 
pigment offer a very delicate indication of the functional activity of the cells and a 
unique opportunity to trace the relation between the functional activity and the 
growth capacity of the tumor cells." As a result, this subject has attracted the at- 
tention of workers in many fields (3), for example, the cytologist in the study of the 
melanin granules; the geneticist, the anthropologist and the biologist in a study of the 
relationship of heredity, environment and nutrition to the development of pigment; 
and the organic and biologic chemists in the study of the chemical mechanism under- 
lying melanin formation. 

In the past quarter of a century several comprehensive reviews on the mecha- 
nism of melanin formation have appeared (4-1 1), but in only a few of these has there 
been any consideration of the biochemical aspects of this problem. No attempt was 
made to connect the processes of melanin formation operating in various species. 
Different mechanisms were proposed for humans, lower animals and plants. 

Investigation of the biochemistry of melanin formation in plants, insects and 
marine animals had shown that the enzyme tyrosinase catalyzes the oxidation of 
L-tyrosine to dihydroxyphenyl L-alanine (dopa) and then the oxidation of dopa to 
melanin. 

Tvrosina.se 

Tyrosine - ► Dopa ► (Intermediates) > Melanin 

Until recently, however, the presence of tyrosinase in mammalian tissue had not 
been conclusively demonstrated, and it was believed that melanin in mammalian 
tissue is formed by a mechanism different from that operating in other species. 
Histochemical evidence indicated that mammalian skin contains an enzyme, dopa- 
oxidase, which catalyzes the oxidation of dopa, but not tyrosine, to melanin. 

Dopa ^°^ >a ^ x ^ se » (Intermediates) ► Melanin 
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Largely as a result of these beliefs, two separate hypotheses of melanogenesis 
evolved. Melanin formation in insects and plants was associated with tyrosinase, 
while melanin production in mammalian skin was associated with dopa-oxidase. 

In the present review, it is shown on the basis of recent evidence that these 
separate concepts can now be merged into a single hypothesis to account for melanin 
formation in man, lower animals, insects and plants. The properties of the enzymes 
concerned with melanin formation and the mechanisms of their reactions are con- 
sidered primarily. Attempts will be made when possible to correlate these properties 
and reaction mechanisms with normal and pathologic melanin pigmentation 

In view of the widespread occurrence of melanin pigment in nature and the keen 
interest shown in the problem of melanogenesis, it may seem surprising that there 
has been so much delay in clarifying the mechanism of melanin formation. Several 
obstacles have impeded progress in research on melanogenesis. Firstly, melanin (a 
darkly colored polymerized product of the oxidation of ^hydroxyphenyl com- 
pounds, such as dopa, epinephrine, catechol) is of unknown chemical composition. 
Secondly, it is difficult to purify melanin and as a result, different chemical composi- 
tions have been reported by different investigators. Thirdly, epidermal extracts 
could not be prepared which conclusively demonstrated enzymatic activity toward 
tyrosine and dopa. This was due either to the small quantity of enzyme in the skin 
or to the fact that extracts made by grinding and homogenizing skin had not been 
satisfactory. Finally, the formation of melanin from its precursors is a complex 
process involving several steps, and the rates of the reactions depend on many 
surrounding chemical and physical factors. 



HISTOCHEM3CAL STUDIES 



As early as 1901 v. Furth (12) advanced the hypothesis that melanin formation 
is the result of the action of an intracellular oxidase on aromatic or chromogen groups 
in certain protein molecules. Bioch, a Swiss dermatologist, stimulated by this hypoth- 
esis attempted to prove it by experimental methods (4). His approach was directed 
by two clinical observations. First, melanin pigmentation is a prominent feature of 
Addison's disease, a disorder resulting from hypofunction of the adrenal glands. The 
possibility arose that there might be some relationship, albeit a paradoxical one, be- 
tween the increased pigmentation and the metabolism of epinephrine-like substances. 
Second, in cases of metastatic melanoma with melanuria, the urine contains significant 
amounts of catechol derivatives. These facts suggested to Bloch a chemical similarity 
between the precursor of melanin and the compounds epinephrine and catechol. 
He therefore selected a naturally occurring amino acid, 3,4<lihydroxyphenyl-l,- 
alanine 2 (which he abbreviated as dopa, using the initial letters of its German name, 
t/i-flxy-phenyl-alanine) as the substrate for histochemical studies. 

Bloch immersed frozen sections of pigmented human skin in a 1 :i,ooo solution 
oi dopa buffered to pn 7.3 to 74. He noted that after 24 hours at room temperature 
melanin g ranules were deposited in the cytoplasm of cells located in the basal layer 

5 Dopa is found in the wing coverings of cockchafers Mdolontho mdoloniha L. and M. Hftbo- 

v^riLf^h "L C ° a ? nS ° f ° ne of Satumidae ' c ""f™ I~ (14). It also occurs in 

\ uta faba <i S ) and the Ceorgia velvet bean, SiizcloHum dcerinpanum <i6). 
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of the epidermis. These specialized cells, which Bloch called melanoblasts, are located 
at the epidermo-dermal junction and were considered by Bloch to be the natural site 
of melanin formation. The intensity of the response, moreover, corresponded to the 
known capacity of the skin to form melanin. Melanin deposition was most intense 
in the areas of the skin capable of heavy pigmentation such as the basal layer of the 
epidermis, the germinal layer and cells of the hair matrix, and the cells of pigmented 
nevi. Melanin deposition did not occur in albino skin and in the skin of patients with 
vitiligo, a skin disease characterized by localized areas of complete loss of melanin 
pigment. Bloch (4), therefore, concluded that the 'dopa reaction* is a reliable indica- 
tor of the capacity of cells to form pigment. 

The origin of the melanoblast has been a subject of controversy for many years. Bloch (4), 
Peck (17) and others have supported the thesis that the melanoblasts are derived from ordinary 
palisade basal cells under certain types of stimuli. Masson (18) and Becker (19), however, believe 
that the melanoblasts are of neuroepithelial origin. In recent years several groups of investigators 
have carried out embryological studies in amphibia (so, 31), birds (23-24) and mice (25-27) and 
have shown conclusively that the melanoblasts are derived from the neural crest region. 

Further investigation provided evidence that the catalytic effect of certain cells 
on the oxidation of dopa to melanin is due to the presence of an enzyme, which Bloch 
called dopa-oxidast. The evidence for the enzymatic nature of the dopa reaction 
included the following: 1) The reaction did not occur after the tissue had been heated 
to ioo°C; 2) a definite pa range was required, the optimal ps. being 7.35; j) the 
reaction was completely inhibited by M/2,000 hydrogen sulfide or M/500 potassium 
cyanide, which are known inhibitors of some enzymes; 4) only the levorotatory 
form of dopa was catalytically oxidized by the cells.' 

To substantiate further the enzyme hypothesis Bloch and Schaaf (28) prepared 
extracts of skin from newborn rabbits and demonstrated by visual colorimetric 
methods the presence of a heat-labile, cyanide-sensitive catalyst capable of accelerat- 
ing the formation of melanin from dopa. Extracts of albino skin under the same con- 
ditions were ineffective in catalyzing the oxidation of dopa. Although Bloch's tech- 
nics for measuring enzymatic activity were not detailed his data provided convincing 
evidence that the catalytic effect of certain epidermal cells on the oxidation of dopa 
is due to the presence of an enzyme. 

The presence of dopa-oxidase in normal human or animal skin has not been con- 
clusively demonstrated by enzymatic technics such as the manometric measure- 
ment of oxygen uptake by skin slices or extracts in the presence of dopa. Although 
this has been attempted by several investigators, none has been successful because 
of the small quantity of enzyme present in the skin as well as the difficulty of pre- 
paring skin extracts and homogenates suitable for measuring enzymatic activity. 
It is also possible that in preparing extracts of skin the investigators neglected to 
take into account the possibility of a naturally occurring inhibitor which could mask 
the presence of the enzyme. Recently, Rothman and co-workers (29) succeeded in 

» Many other related compounds, such as rxlopa, tyrosine, phenylalanine, ^-hydroxyphenyl- 
pyruvic acid, homogentisic add, quinol, pyrogallo), catechol, pro toca tech uic arid, 3,4-dihydroxy- 
phenylacetic add, epinephrine, trihydroxyphenylalanine, glycyl-dopa, pyrrole and tryptophane, 
did not form melanin granules after incubation with frozen sections of skin. 
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demonstrating the presence in human epidermis of a water-soluble, dialyzable, 
heat-stable inhibitor of plant tyrosinase. This inhibitory principle was counteracted 
by iodoacetamide and another powerful sulfhydryl inhibitor, ^chloromercuriben- 
zoic acid. Later work (30) showed a direct relationship between the sulfhydryl group 
concentration and the inhibitory power of the epidermal extracts. 

Bloch's histochemical studies with dopa, which have been amply confirmed, 
have not been generally accepted as a complete explanation for the mechanism of 
melanogenesis since dopa has never been demonstrated in mammalian tissue. Raper 
(31) was able to isolate dopa in crystalline form as the first oxidation product re- 
sulting from the action of tyrosinase obtained from mealworms (Tenebrio molitor) 
on tyrosine. This strongly suggested that the reactions in the formation of melanin 
that are subsequent to dopa production are the same whether the initial substrate 
is tyrosine or dopa and emphasized the gap in the knowledge of the mechanism of the 
conversion of tyrosine to dopa in various tissues. Raper (10) provided conclusive 
evidence that tyrosine, a naturally occurring amino acid present in all tissues includ- 
ing skin, is the initial substrate in the formation of melanin by plant and insect 
tyrosinase. As stated previously, Bloch's dopa-oxidase reaction could not be obtained 
after incubation of the frozen skin sections with tyrosine under the same conditions 
in which dopa was effective. Since it was generally felt that tyrosine is the natural or 
physiologic substrate in the enzymatic formation of melanin by mammalian tissues 
as well as by plants and insect tissues, and since the reaction whereby tyrosine is 
converted to dopa in mammalian cells was not known, the mechanism of melanin 
formation in mammals remained a puzzling problem for many years. 

Much investigation remains to be done on this problem. Bloch's qualitative 
studies might well be extended by use of present-day nucrochemical methods for 
quantitative determinations and histologic localizations of small quantities of en- 
zymes. In addition, through the use of C M -labeled tyrosine it may be possible to show 
conclusively whether or not tyrosine is the natural substrate involved in melanin 
formation by melanoblasts. 

BIOCHEMICAL STUDIES 

Melanin Formation in Lower Animals — the Tyrosinase Concept 

The enzymatic nature of the melanin-producing reactions was first satisfactorily 
investigated in plants and fungi. In 1895 Bourquelot and Bertrand (32) reported 
that a substance present in the mushroom, Russula nigricans, was converted into a 
black pigment. This substance, later shown to be tyrosine, was acted on by an enzyme 
in the fungus which was named tyrosinase (33). Since that time tyrosinase has 
been found in a wide variety of plant and animal tissues (34-36) and a vast litera- 
ture has accumulated on this subject. 

Working with tyrosinase obtained from plants and mealworms, Raper (10) 
was able to determine many of the reaction mechanisms whereby tyrosine is con- 
verted into melanin. He showed that in the presence of tyrosinase and oxygen, 
tyrosine is first oxidized to dopa, and the dopa is then oxidized to dopa-quinone. 
Dopa-quinone is converted to an indole derivative which, after undergoing several 
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reactions, polymerizes to form the pigment, melanin. The details of the chemical 
reactions concerned in this process (fig. i) will be considered later. 

The literature contains several early reports on the occurrence of tyrosinase in 
mammalia n tissue. In 1003, Gessard (37) found that extracts from a horse melanoma 
were able to catalyze the conversion of tyrosine to melanin. This was confirmed by 
De Coulon in 1920 (38). In 1907, Alsberg (39) prepared from a hunan melanoma 
an extract which catalyzed the formation of black pigment from catechol and pos- 
sibly from tyrosine. In the following year, Neuberg (40) showed that dilute extracts 
from a human melanoma accelerated pigment formation from tyramine and epineph- 
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Fig. 1. Enzymatic oxidation of tyrosine to melanin. 

rine but not from tyrosine. Winternitz reported in 191 9 (41) that an enzyme pres- 
ent in the uvea of the hog and the black cutaneous tissue of the horse could catalyze 
the darkening of tyrosine. 

Melanin Formation in Mammals — the DopoOxidasc Concept 

Despite the early widespread beliefs that tyrosinase occurred in mammalian, 
tissue, plus experimental evidence in accord with these beliefs, skepticism arose con- 
cerning the presence of the enzyme in such tissue. For example, the work of Durham 
(43) on tyrosinase in fetal rabbit skin could not be confirmed (43). In addition, no 
one was able to demonstrate tyrosinase activity in normal pigmented mammalian 
tissue. Finally, Bloch (4) as discussed previously, showed that an enzyme present in 
mammalian skin could catalyze the oxidation of dopa but not tyrosine to melanin. 
Largely as a result of this work, the concept arose that dopa^oxidasc, but not tyrosin- 
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ase, was present in mammalian tissue. Although Bloch's work did not pass unchal- 
lenged, it remained the most acceptable until recently. 

Hogeboom and Adams in 1942 (44), Greenstein and co-workers in 1944 (45, 
46) and Lerner, Fitzpatrick, Calkins and Summerson in 1949 (47) showed conclu- 
sively that extracts from mouse, human and horse melanomas contain both tyrosinase 
and dopa-oxidase activities and that these activities are similar to those found in 
extracts from plants and lower animals. Calkins (48) demonstrated that extracts 
from normal beef ciliary bodies possess tyrosinase and dopa-oxidase activities. In 
view of this experimental evidence of the presence of tyrosinase in mammalian tissue, 
it became necessary to modify the hypotheses of pigmentation which had evolved 
from Bloch's dopa-oxidase studies. 

Chemical Reactions in the Conversion of Tyrosine to Melanin 

The reactions involved in the enzymatic oxidation of tyrosine to melanin are 
shown in figure 1. In the presence of tyrosinase and molecular oxygen, tyrosine is 
oxidized to dopa. This reaction is usually slow at the onset, but after an induction 
period it becomes very fast. The conversion of tyrosine to dopa is not a reversible 
reaction. Dopa formed in the first reaction is oxidized enzymaticaliy by a reversible 
reaction to dopa-quinone. Further stages of the reaction proceed rapidly in the ab- 
sence of the enzyme although the reaction rates are increased in the presence of the 
enzyme. Dopa-quinone undergoes a spontaneous irreversible and rapid intramolec- 
ular change in which the nitrogen of the side chain attaches itself to the 6-position 
of the benzene nucleus with Ihe formation of 5,6-dihydroxydihydroindole-2-car- 
boxylic acid (leuco compound). The leuco compound is readily oxidized by a rever- 
sible reaction to the corresponding quinone (hallachrome). Hallachrome* is a red 
substance, and it is the first visible product formed in the reactions. Under physiologic 
conditions hallachrome decarboxylates and undergoes a rearrangement to form 5,6- 
dihydroxyindole. The indole compound is rapidly oxidized to the corresponding 
quinone which has a purple color. The quinone then polymerizes to melanin with 
the consumption of approximately one atom of oxygen. Relatively little is known 
of the mechanism of this polymerization (49, 50). If the intramolecular rearrange- 
ment undergone by hallachrome is quickened by sulfurous acid, no decarboxylation 
occurs and 5,6-dihydroxyindole-2-carboxylic acid is formed. This latter substance 
is readily converted to a melanin substance. In the series of reactions shown in 
figure i, possible alternate mechanisms are described by broken arrows. Much of the 
knowledge of the chemical reactions which take place in the enzymatic oxidation of 
tyrosine has been obtained through the brilliant work of Raper and his co-worker 
(10, 52a) with potato and mealworm (Tenebrio molilor) tyrosinase. They were 
able to show that the following three substances were formed during the tyrosine- 



* Hallachrome occurs naturally in the polychaete worm, Balla pcrlhcnopda (51). Friedheun 
(52) found that this red substance could accelerate oxygen consumption by erythrocytes and serve 
as a hydrogen acceptor for xanthine oxidase and succinic dehydrogenase. He suggested that halla- 
chrome may play a role in cellular respiration. 
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tyrosinase reaction: 




H, 



I, Dopa H, 5,6-Dfoydroxyindole HE, 5,6-Dihydroxyin- 

dole-2-Carboxylic Acid 

When the enzyme is allowed to act on dopa, substances II and III are formed. This 
suggests that dopa is probably the first compound formed in the oxidation of tyro- 
sine. 

Dopa formed from tyrosine appears to be oxidized to dopa-quinone. The fol- 
lowing facts make this plausible: i) o-dihy droxyph eny 1 compounds are readily 
oxidized to the corresponding orthoquinones; 2) substances which react with or- 
thoquinones inhibit melanin formation in the dopa-tyrosinase reaction (53); j) 
plant tyrosinase has been shown to catalyze the oxidation of catechol to orthobenzo- 
quinone (54). The oxidation of dopa to dopa-quinone would appear to be a similar 
reaction. 

Raper (55) also showed that a red substance (hallachrome) was formed in the 
oxidation of dopa. This red substance could be reduced to 5 , 6-dihydroxydihydroin- 
dole-2-carboxylic acid (leuco compound) (52a), and the leuco compound so produced 
readily oxidized back to the red substance. From this it seems likely that dopa- 
quinone undergoes an intramolecular change, the nitrogen of the side chain attaching 
itself to the 6-position of the benzene nucleus with the resultant formation of the 
leuco compound. 

Since the indole compounds II and III could be formed from the oxidation of 
the hallachrome, and since hallachrome was formed from the leuco compound, it 
was believed that the hallachrome was simply the quinone of the leuco compound 
and therefore should have the following structure: 




H 

Hallachrome 



Mason has presented spectrophotometric evidence to support this view (49). 

Under normal conditions in the enzymatic oxidation of tyrosine, hallachrome 
is converted, by decarboxylation and rearrangement, to 5,6-dihydroxyindole. Spec- 
trophotometric data (49) indicate that the 5,6Kimydroxyindoie is then rapidly 
oxidized to the corresponding quinone and the quinone then polymerizes to melanin. 

It should be pointed out that the reactions given in figure x merely represent 
the over-all scheme by which tyrosine is converted to melanin. Actually, many 
more reactions probably occur, such as those involving the formation of semi qui- 
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nones. The semiquinones may then be oxidized to quinones or undergo rearrange- 
ments in accordance with the general picture given in the diagram. 

As previously stated, enzyme action is definitely required for the first reaction, 
the oxidation of tyrosine to dopa. Under physiologic conditions, that is, pR 7 to 7.4, 
the rate of oxidation of dopa to dopa-quinone is fairly rapid without the enzyme but 
is increased appreciably in the presence of the enzyme. The subsequent reactions 
shown in the diagram take place rapidly without the enzyme, but even in these cases 
there is evidence that the presence of tyrosinase will increase the rate of reaction 
(49). 

In addition to the series of reactions discussed above, there is an important 
interplay of reactions occurring during the conversion of tyrosine to melanin as 
shown in the lower part of figure 1. Using mealworm tyrosinase, Evans and Raper 
(52a) found that in a tyrosine-tyrosinase reaction which has proceeded for two to 
five hours, dopa can be isolated in yields varying from 10 to 20 per cent of the actual 
tyrosine oxidized, in spite of the fact that this tyrosinase can oxidize dopa more 
readily than tyrosine. Since the conversion of dopa-quinone to leuco compound does 
not appear to be a reversible reaction, it seems reasonable to explain the accumulation 
of dopa on the basis of the presence of some reducing agent or system which reduces 
the dopa-quinone back to dopa. The oxidation-reduction potentials of the systems 
concerned in melanin formation in so far as they have been investigated (56) are as 
follows: 

Dopa ^ Dopa-Quinone 
Eo = + 0.511 V at pB 4.6 

Leuco Compound p± Hallachrome 
E 0 =» + 0.170 V at pn 46. 

From these data and from the observation that addition of leuco compound 
to a tyrosine-tyrosinase system increases the accumulation of dopa, it seems likely 
that the interplay of reactions shown in figure 1 occurs in the tyrosine-tyrosinase 
reaction. The importance of this reaction will be discussed later. It is possible that 
interactions involving substances such as dopa-quinone and 5,6-dihydroxyindoIe 
also occur. These reactions, if present, could play important roles in regulating the 
rate of melanin formation. 

Induction Period in the Oxidation of Tyrosine 

There are several points in the oxidation of tyrosine that are of great importance 
and interest. When tyrosine and tyrosinase are allowed to react in the presence of 
oxygen, there is often a lag period before oxidation of tyrosine begins. This lag in- 
terval is referred to as the induction period (47). Small amounts of dopa are very 
effective in shortening the induction period in the tyrosine-tyrosinase reaction 
(fig. 2). If the induction period is defined as the intercept on the time axis of an exten- 
sion of the slope of the oxidation curve when oxidation is proceeding maximally, 
there is for mammalian tyrosinase a linear relationship between the negative 
logarithm of the dopa concentration and the induction period (47). 

Recent studies (57, 58) with mouse melanoma tyrosinase indicate that com- 
pounds related structurally to dopa, for example, epinephrine, catechol, and so 
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forth, can shorten the induction period, but not nearly as effectively as dopa. On an 
equimokr basis, DL-dopa is about 75 per cent as effective as is L-dopa in shortening 
the induction period. For mammalian tyrosinase, dopa is a fairly specific catalyst 
regulating the induction period. 

When dopa is used as the substrate instead of tyrosine there is no induction 
period. Although dopa is required to catalyze the enzymatic oxidation of tyrosine, 
dopa itself is rapidly oxidized. Hence the rate of tyrosine oxidation is dependent on 
the rate of dopa oxidation. 




6 10 20 30 40 60 60 70 80 90 100 110 
Time (minutes) 



Fig. a. Effect of dopa on induction period in enzymatic oxidation of tyrosine by mouse 
melanoma preparation at pn 6.8 and 38°C. a 0.5 rag. dopa; 6 0.1 mg. dopa plus 04 mg. tyrosine; 
c 0.05 mg. dopa phis 045 mg. tyrosine; d 0.01 mg. dopa phis 0.49 mg. tyrosine; e 0.001 mg. dopa 
phis 0.50 mg. tyrosine; / 0.5 mg. tyrosine. (/. Bid. Chan, 178: 19*, 1949)- 

It can be seen from figure 2 that after the induction period is over the rates of 
oxidation of tyrosine and dopa are practically identical. This observation at first 
glance seems difficult to understand, because one might expect that as the dopa 
formed from tyrosine is oxidized, the rate of reaction would diminish. The explanation 
of this finding is that dopa is not only oxidized in the reaction but also reformed dur- 
ing the oxidation, as discussed previously (fig. 1, lower part). Consequently, a 
significant amount of dopa is always available to shorten the induction period. 

From what has been described it can be seen that the presence in the tyrosine- 
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tyrosinase reaction of any substance which is capable of reducing dopa-quinone 
back to dopa and thereby causes an accumulation of dopa should shorten the in- 
duction period. This is indeed the case. Either ascorbic acid or hydroquinone 5 short- 
ens the induction period in tyrosine oxidation. Melanin, however, is not produced 
until all the ascorbic acid or hydroquinone has been oxidized. It is possible that the 
compounds related to dopa shorten the induction period by acting merely as non- 
specific reducing agents which influence the induction period as described previously. 

It should be pointed out that it is well known that o-dihydroxyphenyl com- 
pounds shorten the induction period in the oxidation of monophenols with tyrosinase 
obtained from plants and lower animals. Most of the work on this subject, however, 
has been done with catechol, phenol and ^-cresol and not with dopa and tyrosine 
(54)* No emphasis has been placed on structural specificity required by the orthodi- 
hydroxyphenyl compound. Actually, this structural specificity could play an impor- 
tant role in melanin formation in nature. 

The mechanism by which substances such as dopa regulate the induction period of the tyro' 
sine- tyrosinase reaction is not fully understood. Recently, the authors carried out potentiometric 
measurements using the platinum electrode on different solutions of tyrosine, dopa and tyrosinase 
obtained from the Harding-Passey melanoma (59). Solutions of tyrosine in 0.1 molar potassium 
phosphate buffer were found to be at a much higher potential than similar equi molar solutions of 
dopa. On the addition of tyrosinase to the tyrosine solution the potential began to fall. When the 
potential had fallen to a value approximately equal to that of the buffered dopa solution, oxygen up- 
take commenced. No appreciable oxygen uptake could be detected before the potential fell. As the 
oxidation proceeded and the tyrosine was converted to melanin, the potential began to rise; and 
when the oxidation was complete, the original potential was re-established. When the tyrosinase 
was added to the dopa solutions, oxidation began immediately and the potential began to rise. At 
the end of the reaction the potential reached a value similar to that obtained in the tyrosine-tyro- 
sinase system. Small amounts of dopa added to the tyrosine solutions brought about an immediate 
lowering of the redox potential. 

If the redox potentials were to influence the induction period, one could predict that increasing 
the tyrosine concentration of a tyrosine- tyrosinase reaction mixture would prolong the induction 
period. This was found to be the case. The redox potential of a system is established by the ratio of 
the quantity of reduced form of a substance to the oxidized form. An increase in tyrosine concen- 
tration increases the concentration of the reduced form of the substrate. 

While the redox potential of the tyrosinase system may play a role in regulating the induction 
period (as well as tyrosinase activity in general) it is not the only factor involved. Equi molar quanti- 
ties of DL-dopa are not as effective as is L-dopa in shortening the induction period, but there is no 
reason to believe that DL-dopa should establish a redox potential different from that obtained with 
the same quantity of L-dopa, It appears that dopa is a fairly specific catalyst for the enzymatic oxi- 
dation of tyrosine. 

Nature of Tyrosinase 

Tyrosinase can be obtained from various sources simply by grinding the tissues 
(for example, potato, fungus, melanotic tumor, and so forth) with an aqueous solu- 
tion and then centrifuging the mixture at low speeds. The supernatant usually con- 
tains the active enzyme (47). Further purification can often be obtained by using 
ordinary procedures for protein fractionation. 

1 In addition to shortening the induction period by virtue of its reducing properties, hydro- 
quinone also appears to inhibit the enzyme. 
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There are many qualitative differences among tyrosinases prepared from various 
sources, but they all have three characteristics in common: /) All catalyze the oxida- 
tion of tyrosine to melanin (presumably by the series of reactions shown in fig. i); 
2) the enzymatic reaction with the monohydroxyphenyl compound is catalyzed by 
some o-dihydroxyphenyi compound (dopa, catechol etc.); 3) copper is associated 
with the activity of the enzyme. The fust two points have been discussed previously. 

Role of copper. Copper has been reported to be an essential part of tyrosinase 
prepared from mammalian (60), plant (61, 62) and insect tissue (63). Mouse mela- 
noma tyrosinase can be inhibited by reagents that combine with copper (diethyldi- 
thiocarbamate, BAL, etc.) (60). This inhibition was reversed by the addition of an 
excess of cupric ions. Treatment of the enzyme with cyanide followed by dialysis 
resulted in a decrease of the copper content of the enzyme preparation and a loss of 
enzymatic activity. Addition of sufficient cupric ions resulted in almost complete 
restoration of activity. Other metals (iron, cobalt, nickel, magnesium, manganese and 
zinc) were ineffective in restoring enzymatic activity. Previous experiments by 
Kubowitz (61, 62) with plant tyrosinase and by Allen and Bodine (63) on grass- 
hopper tyrosinase showed essentially the same results as those obtained with mam- 
malian tyrosinase. 

Properties of tyrosinase from different sources. As mentioned previously, there are 
several properties by which tyrosinase from different sources varies. Tyrosinase 
prepared from plant tissue can usually be obtained in colloidal solution. Tyrosinase 
obtained from mammalian tissue however is retained on ultramicroscopic cytoplas- 
mic particles. As yet no method has been found by which the active enzyme can be 
separated from the particles. Hence, it must be realized that, when working with 
aqueous mammalian tyrosinase preparations, one is dealing with a suspension of par- 
ticles which have molecular weights greater than those of most proteins. 

Tyrosinase from plants and lower animals appears to be less specific in its action 
than is mammalian tyrosinase. Some plant tyrosinases are able to catalyze the oxida- 
tion of many phenol derivatives and orthodihydroxyphenyl compounds at a greater 
rate than the oxidation of tyrosine and dopa. With mammalian tyrosinase, on the 
other hand, tyrosine and dopa are oxidized at a much greater rate than any other 
substance related structurally to these amino acids (57, 58). 

Sizer (64, 6$), working with mushroom tyrosinase, reported some interesting 
findings on the oxidation of tyrosine present in the peptide chain of proteins. These 
findings support the contention that plant tyrosinase acts on combined as well as 
on free tyrosine. The effect of mammalian tyrosinase on tyrosine in proteins has not 
been tested; but, since this enzyme cannot catalyze the oxidation of tyrosine in which 
a hydrogen atom of the amino group is replaced by an acetyl or formyl group (57, 
58), it is unlikely that tyrosine which is linked to another amino acid through its 
amino group could be oxidized by the mammalian enzyme. 

Tyrosinase obtained from grasshopper eggs (66^69) occurs as a protyrosinasc. 
This enzyme, unlike mammalian tyrosinase, must first be activated before it can 
exert any catalytic action on tyrosine (or related compounds). The activating fac- 
tors are usually substances such as distilled water, sodium chloride, detergents, 
changes in or temperature. 
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Stability of tyrosinase. Tyrosinase from different sources varies greatly in its 
stability toward physical and chemical agents. The following information is available 
on the stability of a crude particulate suspension of tyrosinase from the Harding- 
Passey mouse melanoma (47). The enzyme preparations may be kept in solution at 
5 0 C. for two months with no apparent loss of activity. Heating the preparations for 
ten minutes at 70 0 C. results in complete inactivation. Lyophilization does not alter 
enzymatic activity. Dialysis against water at 5° C. has no effect on the enzyme. Prep- 
arations may be kept at 5 0 C. in solutions ranging in pn from 4,7 to 8.0 for 24 hours 
without loss of enzymatic activity when reactions are later carried out at pn 6.8. 
Some fungus tyrosinases are inactivated after such treatment. The addition of 0.1 
m acetate buffer at pn 4.7 to the mammalian enzyme preparation results in the for- 
mation of a precipitate which contains all the active material. The supernatant is 
inactive. 

Plant tyrosinase is inactivated during reactions with various hydroxyphenyl 
compounds (54). The mouse melanoma tyrosinase referred to above does not appear 
to be readily inactivated during the reaction. If dopa is added to a reaction mixture 
which has previously oxidized dopa to melanin, the rate of oxidation is the same as 
that of the original reaction. 

Effect of temperature on reaction rates. In general, the rate of enzymatic oxidation 
of tyrosine and dopa by preparations from the mouse melanoma increases with an 
increase in temperature. An increase in temperature also shortens the induction 
period in the oxidation of tyrosine. The temperature coefficient for the oxidation of 
dopa is only 1.2 at less than 37 0 C. (47). Above 37 0 C. the temperature coefficient in- 
creases to 1.7. This variation in the temperature coefficient is further indication that 
the oxidation of dopa to melanin is not a simple reaction. The biologic significance 
of the influence of temperature on reaction rates in melanin formation will be dis- 
cussed later. 

Effect of pB, on reaction rates. It is difficult to evaluate the effect of pn on the 
enzymatic oxidation of dopa because dopa is readily oxidized in solutions kept at 
pn 7.0 or more even in the absence of the enzyme. With mouse melanoma tyrosinase 
the optimal pn for the oxidation of dopa is about 6.8. At pn 5.0 a marked decrease 
in the rate of oxidation occurs. 

The induction period in the enzymatic oxidation of tyrosine appears to be at a 
minimum at pn 6.8. At pn values greater than and less than 6.8 the induction period 
increases. Above 8.5 and below 5.0 the induction period is prolonged indefi- 
nitely. 

Effect of substrate concentration on total oxygen uptake. The total oxygen uptake 
during a reaction with tyrosinase is directly related to the initial concentration of 
tyrosine (or dopa) in the reaction mixture. If the concentration of substrate (within 
limits) is increased twofold, the total oxygen uptake is likewise increased twofold. 
The total amount of oxygen required to oxidize tyrosine and dopa to melanin is 
difficult to determine with great precision. Most reports (47, 70) indicate that each 
tyrosine and dopa molecule requires approximately five and four atoms of oxygen, 
respectively, for conversion to melanin. Variations in the concentration of enzyme 
affect somewhat the total amount of oxygen consumed in a reaction (71, 71a). 
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Is tyrosinase one or two enzymes? An important problem in the mechanism of 
melanin formation is whether tyrosinase is one or two enzymes. The following pos- 
sibilities exist: 1) One enzyme, tyrosinase, may be involved in melanin formation. 
If so, this enzyme possesses two distinct activities. First, it can effect the addition 
of an OH group to the benzene nucleus of a monohydroxyphenyl compound. Second, 
it can catalyze the removal of two hydrogen atoms from an o-dihydroxyphenyl 
compound. 2) Two separate enzymes may be involved in melanin formation with 
each enzyme possessing a single activity. For example, one enzyme, tyrosinase, 
could catalyze the addition of an OH group to the benzene nucleus. A second and dif- 
ferent enzyme, dopa-oxidase, could catalyze the removal of two hydrogen atoms 
from an o-dihydroxyphenyl compound, 3) A third possibility to be considered is 
whether or not tyrosinase may be one enzyme plus an additional factor. These two 
substances together could possess the two catalytic activities described in the pre- 
vious paragraphs. 

Current evidence supports the view that tyrosinase is a single enzyme with two 
activities. This concept has been championed by Nelson and Dawson (54) and 
Mallette (72), whose notable work on plant and mushroom tyrosinase provided the 
experimental basis for the one-enzyme hypothesis. The following points lend support 
to this hypothesis: /) no tyrosinase preparation yet obtained has been satisfactorily 
demonstrated to catalyze the oxidation of monohydroxyphenyl compounds, but not 
that of o-dihydroxyphenyl compounds; 2) the reverse statement is also true; namely, 
all enzyme preparations that catalyze the oxidation of o-dihydroxyphenyl compounds 
can catalyze the oxidation of monohydroxyphenyl compounds under the proper con- 
ditions; j) enzyme preparations have been obtained in which the ability to catalyze 
the oxidation of both the monohydroxyphenyl and o-dihydroxyphenyl compounds 
was proportional to the copper content of the preparation. Mallette and Dawson 
obtained from mushrooms a purified tyrosinase preparation which was homogeneous 
electrophoretically and almost homogeneous in the ultracentrifuge. The properties 
of this highly purified preparation were in accord with the foregoing points. 

Recently a single-enzyme hypothesis was proposed to account for melanin for- 
mation in mammalian tissue (47). Studies with mammalian tyrosinase obtained from 
the Harding-Passey mouse melanoma showed that it was not possible to separate 
tyrosinase and dopa-oxidase activities although fractions with long induction periods 
in the oxidation of tyrosine could be obtained. These fractions were superficially 
free of tyrosinase activity; however, they catalyzed the oxidation of tyrosine rapidly 
and completely in the presence of small amounts of added dopa. For these reasons 
it was suggested that "the separate terms tyrosinase and dopa-oxidase be abandoned 
in favor of the single term tyrosinase to describe the enzyme (or enzyme complex) 
involved in the oxidation of both tyrosine and dopa to melanin." Further support 
of this concept is to be found in recent work which showed that N-acetyltyrosine and 
N-formyltyrosine are competitive inhibitors for the dopa-tyrosinase reaction (58). 
It is possible that dopa and the N-tyrosine derivatives compete for the same active 
centers on the enzyme molecule. 

In the authors' opinion the term 'tyrosinase' is preferable to 'dopa-oxidase,' 'polyphenoloxi- 
dase' or 'phenolase/ The only justification for retaining the term dopa-oxidase (or 'dopase') is that 
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dopa, or some other dihydroxy phenyl compound, may be the initial substrate in the enzymatic for- 
mation of melanin because a dihydroxyphenyl compound is required to catalyze the tyrosine* tyro- 
sinase reaction. Important objections to this view are, first, tyrosine is a more abundant natural 
substrate than dopa in mammalian melanin formation. Several dihydroxyphenyl compounds other 
than dopa can initiate the tyrosine- tyrosinase reaction; and it is possible that dopa comes, for the 
most part, only from the enzymatically oxidized tyrosine. Second, since dopa is readily oxidized to 
melanin in the absence of any specific enzyme, dopa-oxidase is often used as a non specific term. 
For example, the oxidation of dopa by oxidizing agents in an active cytochrome system is often 
mistakenly referred to as a dopa-oxidase reaction. For these reasons tyrosinase is a more suitable 
term. 

Since no substance is more active or abundant than tyrosine as a substrate for the enzymatic 
formation of melanin by mammalian tissue, it is not desirable to use the general terms 'polyphenol- 
oxidase* or 'phenolase.' However, tyrosinase might be considered a type of polyphenoloxidase or 
phenolase. 

The two-enzyme hypothesis is not supported by direct experimental evidence. 
As yet, no enzyme capable of catalyzing the oxidation of tyrosine and dopa to melanin 
has been shown to be homogeneous by adequate critical experimental work. Until 
this is done, the possibility remains that the oxidation of tyrosine and dopa may in- 
volve separate enzymes. 

The single-enzyme-plus-additional-factors hypothesis was suggested by Keiiin 
and Mann (73). They prepared a purified oxidase from mushrooms, which they 
claimed was specific in catalyzing the oxidation of a small group of polyphenols. 
They expressed the belief that the oxidation of monophenols probably requires 
the presence of an additional factor. This view, with a change in emphasis, fits well 
with the one-enzyme hypothesis. 

In accordance with the foregoing discussion and earlier statements it is suggested 
that the single term tyrosinase be used to include the separate terms tyrosinase and 
dopa-oxidase. This concept is illustrated diagrammatically below. 

TYROSINASE 




TYROSINE OOPA — — — ►(INTERMEDIATES) > MELANIN 

SLOW * FAST 

INITIALLY SLOW BUT J 
MARKEDLY ACCELERATED I 
BY SMALL AMOUNTS , 




At the time Bloch carried out his important histochemical studies little was 
known about the optimal conditions for the enzymatic oxidation of tyrosine. This 
may account for the fact that Bloch, working with mammalian tissue slices, obtained 
melanin formation from dopa but not from tyrosine. 

In some recent histochemical experiments (74) in collaboration with S. William 
Becker, Jr., we have demonstrated the formation of melanin from tyrosine in human 
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white skin which had been irradiated with ultraviolet radiant energy for one to five 
days before excision. Tissue slices cut from the biopsy material were incubated in 
tyrosine solutions at pn 7.1 for 24 to 48 hours. In paraffin sections of this material, 
there are large dendritic melanoblasts containing melanin granules in their cytoplasm, 
identical in their morphology with the 'dopa positive* cells obtained by Bloch. The 
catalytic effect of these cells on the oxidation of tyrosine to melanin is absent when 
the sections are heated for ten minutes at ioo° C. Since tyrosine, in contrast to dopa 
which readily auto-oxidizes, is a stable amino acid which does not oxidize spon- 
taneously to melanin in vitro, it is likely that the melanoblasts of human skin contain 
an intracellular oxidase, tyrosinase, similar to the enzyme described previously. 
The enzyme apparently exists in human skin in a partially inhibited state, and can 
be activated by ultraviolet radiant energy. The mechanism of this activation is not 
fully understood, but the inactivation of epidermal sulfhydryl groups by the ionizing 
radiation appears to play an important part. 

NATURE OF MELANIN 

The word 'melanin* is derived from the Greek metas, meaning black. It is used 
to denote various shades of brown and black pigments found in mammals, insects, 
plants and marine animals and produced in vitro by the oxidation of dihydroxy- 
phenyl compounds. These pigments result from the polymerization of the oxidation 
products of dihydroxyphenyl compounds (dopa, epinephrine, catechol, and so forth) 
to relatively insoluble substances of high molecular weight. It is amazing that one 
term melanin has been used for many years to describe these natural and synthetic 
pigments even though there are a variety of melanins and even though no exact 
definition for the term can be given. 

With the aid of the electron microscope Mason and co-workers (75) studied 
melanin granules from colored human skin; from the ciliary body, choroid, and iris 
of beef eyes; and from the S91 and Harding-Passey mouse melanomas. They found 
that the melanin granules were characteristically regular, spheroid particles. The 
particles appeared as formed elements and not simply as precipitated aggregates. 

Because melanin is relatively insoluble in most solvents, it is difficult to isolate 
and purify from tissue sources. An additional factor making purification difficult 
is that melanin is often bound to protein in the tissues. Gortner described a melano- 
protein present in sheep wool (76), and Greenstein and co-workers (77) have recently 
described a melanin-containing pseudoglobulin present in the S91 mouse melanoma. 
From the work of Sizer (64, 65) it appears that melanoproteins can be produced 
in vitro by the action of mushroom tyrosinase on the tyrosine within intact protein 
molecules. 

An approximate composition of melanin from natural and synthetic sources, 
obtained by averaging the values in the literature, is as follows: carbon 57 per cent, 
hydrogen 3.5 per cent and nitrogen 9 per cent (35, 78). Oxygen is also present. Vary- 
ing amounts of sulfur have been reported to occur in some natural melanins, but in 
some cases the sulfur can be removed (79). In other cases (77) the presence of sulfur 
seems to be associated with the amino acids of protein which is bound to melanin. 
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Melanin obtained from the ink sac of the squid or produced by the auto-oxidation 
of dopa or by the action of tyrosinase on tyrosine can be decolorized from jet black to 
light tan by sodium hydrosulfite (80, 81) or ascorbic acid (82). The tan-colored melanin 
produced with the former reducing agent can be changed to black again by the addi- 
tion of potassium ferricyanide to the reaction mixture. 6 As a result of these findings, 
Figge (81) suggested that melanin can form a reversible oxidation-reduction system. 
These interesting findings must be explored further to determine the mechanism of 

Reduced Melanin (tan) ^ Oxidized Melanin (black) 

the process and to relate them to biologic systems. It is possible to predict that if 
there is reduction of melanin in vivo, the reduction does not occur at the site of mel- 
anin formation at the same time that melanin is being produced. 

In J 939) Edwards and Duntley (83) suggested that the term melanoid be used 
when one is referring to the diffuse melanin pigmentation in the stratum corneum 
of human skin. They claimed that the corneum from the heel pad of a cadaver had 
a light-absorption maximum in the visible violet instead of the ultraviolet as does 
melanin. From this they concluded that the yellow pigment of the heel pad resulted 
from a disintegration of melanin. More work is needed to establish this point and 
until this is done the term melanoid should be used only with qualifications. 

The various races (for example, white, oriental and Negro) appear superficially 
to have differently colored skins. All investigative work on this subject however 
indicates that melanin is the main pigment of human skin, and that the variation 
in color of skin from different races is due to the variation in quantity of melanin 
only (84). The spectrophotometry analyses of human epidermis reported by Brunst- 
ing and Sheard (85) and by Edwards and Duntley (83) support this view. 

There are several ways to classify melanins because the nature and the sources 
of these pigments vary. In most classifications melanin is divided into two groups: 
natural and synthetic (86). The natural melanins can be subclassified according to 
their biologic source, and the synthetic melanins can be subclassified according to 
their mode of formation. 

INHIBITORS OP MELANIN FORMATION 

From a consideration of the properties of the enzyme tyrosinase which takes 
part in melanogenesis, and with a knowledge of the mechanism of the reactions in- 
volved in pigment formation it is possible to anticipate methods of stopping the 
reaction at certain stages. A list of some of the known inhibitors of melanin formation 
is given in table 3 . 

Substances That Combine with Copper 

Inhibition of tyrosinase results in a decrease in the rates of the tyrosine-tyrosin- 
ase and dopa-tyrosinase reactions. Such inhibition can usually be achieved in vitro 
by binding (or removing) the copper ions, which are necessary for tyrosinase action, 
with substances that form weakly dissociable complexes with copper. Common in- 

4 However, vigorous oxidation of the black melanin apparently produces a substance which is 
first red and then colorless. 
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hibitors are organic sulfur-containing compounds (60, 87-89), hydrogen sulfide (4), 
carbon monoxide (4, 44) and cyanide ions (4, 44). The organic sulfur-containing 
compounds which have been used are phenylthiourea, a-naphthylthiourea, diethyl- 
dithiocarbamate, 2, 3-d ithiopropanol, cysteine, glutathione, thiouracil, thiourea and 
phenylthiocarbamide. 



Table i. Inhibitors op melanin formation in vitro 



/. Substances thai combine with copper 




IV. Substances that combine with o-dihydroxy 


A. Phenylthiourea* 


P K» 


= S-6o 


groupstf) 


B. Diethyldithiocarbamale 


P K 


= 4.00 


A. Sodium molybdate* 


C. 2,5-Dithiopropanol (BAD 


pK 


= 3-85 


D. Cysteine 


P K 


= 3.90 


V. Substances that combine wish orthoqui- 


E. Glutathione 


pK 


=* 2-3S 


nones 


F. Thiouracil 1 


pK 


= 


A. Aniline 


C. Thiourea 


P K 


= 1-75 


B. Armnotyrosine 

C. p-Phenylenediamine 


//. Competitive inhibitors 








A. N-Acetyltyrosine 


pK 


= 3. 45 


VI. Reducing substances 


B. N-Formyltyrosine 


pK 


= 3-3S 


A. Ascorbic acid 1 


C. Fluorotyrosine 


pK 


= J. 50 


VII. Bydroquinones 


///. Substances or conditions that prolong the induc- 


A. Hydroquinone 1 


tion period of tyrosine oxidation 






B. ^-Benzylhydroquinone 1 


A. 'Tween-20* 








B. Changes in pn 









1 Also inhibits melanin formation in vivo. 

* pK is used to indicate the negative logarithm of the concentration of inhibitor that produces 
50 per cent inhibition of the dopa- tyrosinase (Harding-Passey mouse melanoma) reaction. 



Only four of these compounds (phenylthiourea, ot-naphthylthiourea, thiouracil 
and phenylthiocarbamide) have been found to be effective in vivo. Phenylthiourea, 
a-naphthylthiourea or phenylthiocarbamide when administrated to black rats pro- 
duces depigmentation (90, 91). 7 Removal of these substances from the diet results 
in a return of pigmentation. Thiouracil given to a patient with generalized melano- 
sarcoma and melanuria has been shown to change the color of the urine from black to 
normal color (92). In a Negro patient under treatment with thiouracil for hyper- 
thyroidism, areas of depigmentation developed (93). 

Competitive Inhibitors 

Some derivatives of tyrosine (for example, N-acetyltyrosine, N-formyltyrosine 
and 3-fluorotyrosine) are effective inhibitors of the tyrosine-tyrosinase and dopa- 
tyrosinase reactions (57, 58). These substances appear to act as competitive sub- 
strates by competing with the natural substrates, tyrosine and dopa, for active 
centers on tyrosinase. This inhibition has been observed in vitro and has not been 
studied in vivo. 

7 When the coat color of animals is considered (for example, in the black rat) the term depig- 
mentation should not be taken to mean that existing melanin pigment in grown fur is decolorized. 
The term is used only to indicate that new hair does not contain normal amounts of melanin. 
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Substances That Prolong the Induction Period 

Since there is an induction period in the tyrosine-tyrosinase reaction, a delay in 
the formation of melanin will occur if the induction period is prolonged. In this sense, 
substances or factors that lengthen the induction period may be considered to be in- 
hibitors of pigment production. The detergent *Tween-2o' prolongs the induction 
period of the tyrosine-tyrosinase reaction but has no effect on the dopa-tyrosinase 
reaction (94). If the pB of a tyrosinase reaction mixture is increased to more than 7.5 
or decreased to less than 6.5 the induction period is markedly increased. No adequate 
explanation of this phenomenon is known at present. Although to our knowledge, no 
clear-cut animal experiment or clinical observation has been shown to demonstrate 
an action of these inhibitors in vivo it is possible that examples may be found with 
-urther investigation. 

Substances That Combine with Orthodihydroxy Groups 

Sodium molybdate, when fed to cattle, causes a loss of coat color (95, 96). Since 
molybdate ions are known to combine with o-dihydroxy groups, a possible mode of 
action is by combination of the molybdate ions with compounds such as dopa and 
interference with their further metabolism (97). This view implies that in the presence 
of molybdate ions tyrosine can be oxidized to dopa but that dopa cannot be oxidized 
because it combines with molybdate ions. However, the fact that copper sulfate re- 
stores the coat color when given to molybdate-treated cows suggests tiat inhibition 
of pigmentation by direct combination of dopa with molybdate may not be an im- 
portant factor. Molybdate may interfere with the absorption or utilization of copper, 
or with both. 

Substances That Combine with Orthoquinones 

In the usual process of melanin formation dopa is oxidized to dopa-quinone and 
the dopa-quinone is further oxidized. If dopa-quinone is removed from the reaction, 
melanin production will be inhibited. Aminophenyl compounds such as aniline, 3- 
arnino-tyrosine, and ^-phenylenediamine combine with orthoquinones and are in- 
hibitors of melanin formation (53, 58). Action of these inhibitors in vivo has not been 
reported. 

Reducing Substances 

The o-quinones can be removed not only by the action of aminophenyl compounds 
but also by reduction to (Klihydroxyphenyl compounds by certain agents. In this 
way reducing substances can act as inhibitors of melanin pigmentation. 

Ascorbic acid is a good example of this type of inhibitor. In the presence of ascorbic 
acid melanin cannot be formed by the action of tyrosinase on tyrosine or dopa until 
all the ascorbic acid is oxidized (98, 99). Large doses of ascorbic acid have been re- 
ported to decrease the pigmentation in patients with Addison's disease (100, 101, 
82). A partial explanation of this phenomenon may be that excess ascorbic acid pre- 
vents melanin formation (see pages 106, 119 and 121, 12 2).* 



• Ascorbic add in large doses may also reduce the melanin in the skin to a relatively light- 
colored substance (83). 
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Hydroquinones 

Compounds such as hydroquinone and ^-benzylhydroquinone are effective in- 
hibitors of melanin formation both in vitro and in vivo. Although their mode of action 
is not clear, they appear to act partly as reducing substances such as ascorbic acid. 
In addition these substances may act directly on tyrosinase. 

Depigmentation in cats, rats and mice (102, 103) has been produced by adding 
hydroquinone to the diet. This effect of hydroquinone is reversible, since the animals 
become repigmented when hydroquinone is removed from the diet. 

The ^benzylhydroquinone ('agerite alba 1 ), which is used as an antioxidant in 
the processing of rubber, can produce depigmentation of human skin. The events 
leading to the discovery of this compound as the cause of occupational leukoderma 
in workers wearing rubber gloves containing agerite alba have been described by 
Oliver, Schwartz and Warren (104). Hydroquinone is reputed to have a similar but 
weaker action than does agerite alba. Perhaps the latter chemical is more effective 
because it is soluble and can penetrate through the skin more readily than can hydro- 
quinone. 

NUTRITIONAL FACTORS IN MELANIN FORMATION 

It is well established that an abnormal increase or decrease in melanin pigmenta- 
tion is associated with a variety of nutritional deficiencies. This phenomenon has 
been observed in several species of animals in addition to man. In some cases of ab- 
normal pigmentation resulting from nutritional deficiency, it is difficult to determine 
the mechanism of the process. Most of the difficulty arises from the fact that several 
dietary factors are lacking in deficiency states, and usually it is not possible to relate 
the pigmentation directly to the lack of a single substance. Only a brief discussion of 
this interesting subject will be given here. A more detailed report of the literature can 
be found in a recent review by Frost (105). 

Dietary Protein and Amino Acids 

In 1923 Hartwell (106) reported that brown-black rats on a diet of bread, whole 
milk and vegetable kitchen scraps lost much of their color and became grey-fawn 
or even white. The animals became repigmented after 'food casern' was added to the 
diet. Hartwell suggested that the depigmentation resulted from a deficiency of tyro- 
sine and tryptophane and showed that this deficiency could be corrected by feeding 
proteins such as 'food casein' which contain large amounts of these two amino acids. 
Since melanin is formed from tyrosine, any deficiency of tyrosine should result in a 
decrease of melanin production. Hartwell's findings can perhaps be partly explained 
on such a basis. However, the precise compositions of the diets used in her experi- 
ments were not reported, and it is not unlikely that a vitamin or mineral deficiency 
that was cured by 'food casein' also existed. 

Rats on a synthetic diet poor in cystine and pantothenic acid have been found to 
become depigmented (107). Administration of cystine augmented the curative effect 
of calcium pantothenate. Lysine has been shown to be necessary for normal feather 
pigmentation in bronze poults (108). No adequate explanation of these findings is 
available. 
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It is unfortunate that more work on the amino add requirements for normal 
pigmentation has not been carried out, especially with those amino acids that are 
necessary for the formation of tyrosinase itself. 

Vitamins 

Rats (108-113), dogs (n2, 114), guinea pigs (112) and silver foxes (113) become 
depigmented when they are given synthetic diets deficient only in the nitrate factors 
of the vitamin B complex. These factors are not thiamine, riboflavin or pyridoxine 
and are not adsorbed on Fuller's earth. Pigmentation returns to normal when the 
animals are given adequate amounts of filtrate factors. In some instances, panto- 
thenic acid, and, to a lesser extent, biotin have curative effects. In other cases panto- 
thenic acid is not effective, but liver extracts containing relatively small amounts of 
pantothenic acid and yeast are curative. Frost and co-workers (115) suggested that a 
factor in liver and yeast potentiates the action of pure pantothenic acid. It remained 
for Wright and Welch (116) to indicate a possible interrelationship between panto- 
thenic acid and pteroylglutamic acid. They showed that hepatic storage of panto- 
thenic acid was increased after administration of folic acid concentrate and biotin to 
succinylsulfathiazole-fed rats in which depigmentation had developed. From these 
reports it appears that pantothenic acid is only one, although probably the most im- 
portant, of the nitrate factors which act synergistically with pteroylglutamic acid in 
the development of normal pigmentation. Other filtrate factors that appear to play a 
role in melanogenesis are ^-aminobenzoic acid and biotin. 

In children on a multiple vitamin-deficient diet gray hair and depigmentation of 
the skin have been found to develop (1x7). After treatment with injectable liver ex- 
tracts, powdered stomach and full diets, pigmentation gradually returns. 

Definitive statements cannot be made concerning the mechanism by which 
vitamins of the B complex regulate melanin formation, as discussed previously. 
Studies in vitro of the effect of these factors on the enzymatic oxidation of tyrosine 
and dopa to melanin may clarify some aspects of this problem. 

In contrast to the depigmentation associated with dietary deficiencies of some 
of the vitamins of the B complex, nicotinamide deficiency (pellagra) often results in 
increased pigmentation (118). Increased melanin pigmentation in patients with pel- 
lagra is seen most commonly at the site of the skin lesions. Pigmentation develops as 
the acute phase of the dermatitis subsides. The mechanism of this hyperpigmentation 
appears to be similar to that involved in postinflammatory pigmentation, namely, 
destruction of sulfhydryl groups during the acute dermatitis with a resulting increase 
in tyrosinase activity which persists until the concentration of the sulfhydryl group 
near the melanoblasts returns to normal. This mechanism will be discussed in greater 
detail in another section. 

Increased pigmentation of the skin is also found in patients with sprue (119). 
The pigmentary signs usually resemble those found in cases of starvation (see later), 
but at times they may resemble those associated with Addison's disease. 

An interesting type of hyperpigmentation is found in patients with vitamin A 
deficiency (120). The increased pigmentation in these patients is, for the main part, 
located at the sites of hyperkeratotic follicular papules which are present in this dis- 
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order. It is possible that the hyperpigmentation results from a decrease in the con- 
centration of sulfhydryl groups in the skin. As will be seen in another section, sulf- 
hydryl groups are natural inhibitors of tyrosinase because they combine with copper 
ions, which are necessary for tyrosinase action. Any reduction in the amount of sub- 
stances that contain the sulfhydryl group, such as glutathione, near the site of melanin 
formation (melanoblast) represents a removal of a normal inhibitor of tyrosinase 
with a resulting increase in melanin production. Since vitamin A deficient patients 
usually have a diet inadequate in the sulfur-containing amino acids, and since such 
amino acids are used in keratin formation, 9 it is likely that those amino acids which 
are available form the protein of the hyperkeratotic papules at the expense of forming 
glutathione and other sulfhydryl compounds. It would be expected, as a result of this 
process, that the concentration of glutathione would be decreased in the vicinity of 
the melanoblast. 

Usually little mention is made of pigmentation in cases of vitamin C deficiency, 
although a few reports (121, 122) indicate that this disorder may be associated with 
an increase in melanin pigment. In advanced cases of scurvy cutaneous hemorrhages 
occur, with a resulting increased deposition of hemoglobin breakdown products in 
the skin. Pigmentation, when it occurs, might result from a decrease in sulfhydryl 
groups in the skin which would follow an increase in the deposition of iron and copper 
compounds. This mechanism is similar to that suggested later in explanation of the 
increased melanin formation of hemochromatosis. 

In conclusion, it can be stated that changes in melanin pigmentation are often 
seen in vitamin deficiency states. Decreased pigmentation is associated with inade- 
quate intakes of the filtrate factors of the vitamin B complex. The mechanism of this 
process is not known. Increased pigmentation is found in deficiencies of nicotinamide 
and vitamins A and C and may result from a release of normal sulfhydryl inhibition of 
tyrosinase. The decrease in sulfhydryl groups can be produced in several ways. 

Copper 

Evidence from many different types of experimental work shows conclusively 
that copper is essential for normal pigmentation in mammals. Copper-deficient diets 
invariably result in depigmentation in rats (124, 125), cats (126), rabbits (126, 127) 
and cattle (128). Addition of trace amounts of copper salts to the deficient diet re- 
stores pigmentation. Other metals (iron, 2inc and manganese) and vitamins of the 
B complex are ineffective by themselves in reversing the depigmentary process, al- 
though the administration of copper plus these substances is sometimes more effective 
than copper alone. 

Further evidence for the necessity of copper in animal pigmentation is provided 
by the interesting reports on chronic molybdenum toxicity in cattle. Muir (95) first 
described the syndrome of depigmentation, intense diarrhea and emaciation in cattle 
which grazed on pastures (in Somerset, England) containing excessive amounts of 

•It has been suggested (123) that keratin formation represents a normal 'excretory process* 
for glutathione elimination. According to this view sulfhydryl compounds such as glutathione are 
thought to be used as a source of cystine, which is necessary for keratin formation. The compounds 
are eliminated when keralin ceases to be active in metabolic processes. 
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molybdenum. The disease was cured by the administration of copper sulfate. This 
syndrome has been experimentally produced in cattle by prolonged feeding of mo- 
lybdenum. At necropsy a decreased copper content of the liver has been found, in- 
dicating that excess molybdate in the diet interferes with copper metabolism. 

Since copper is required for tyrosinase activity (6o), it is reasonable to assume 
that a lack of dietary copper results in depigmentation because insufficient copper is 
available for the normal enzymatic formation of melanin. 

Starvation 

An unusual pigmentary disturbance of the skin in starvation recently has been 
described by European authors (129). A splotchy, dirty, grayish brown pigmentation 
appearing anywhere on the body but most often on the face was seen frequently at 
the end of World War II. This effect of starvation in humans is of special interest 
because the intake of several dietary factors such as vitamins, amino acids, fats and 
minerals is often reduced in a very low caloric diet. 

In the latter part of 1944, a severe shortage of food and consequent starvation 
occurred in Western Holland (130). A dietary survey indicated that the average food 
consumed per person per day contained about 1000 calories. Since most of the food 
was obtained from vegetables, it is likely that the diet contained adequate amounts of 
most vitamins and copper, but inadequate amounts of many amino acids and fats, 
in addition to the low caloric intake. In these cases the same type of pigmentation 
developed as described in the preceding paragraph. 

The situation in German concentration camps was much more severe (93). The 
inmates not only had a caloric intake of less than 1000 calories, but also were supplied 
with inadequate amounts of organic and mineral factors. In these cases a generalized 
grayish brown pigmentation developed and often there was a melanosis resembling 
that noted in Addison's disease. 

With only the information available at present, it is difficult to account for the 
increased pigmentation. The fact that much of the increased pigmentation of the 
group in Western Holland occurred on the exposed areas suggests that ultraviolet 
radiation may have been a factor. Because of the low dietary intake of sulfur-contain- 
ing amino acids 10 a decrease in the amount of substances containing sulfhydryl groups, 
which normally inhibit pigmentation, might be found in the skin. Further speculation 
does not seem justified until more is known about other factors, especially endocrine. 
Adrenal insufficiency may have been present. 

HORMONAL FACTORS IN MELANIN FORMATION 

It is well known that endocrine factors play an important role in melanin pig- 
mentation in man and lower animals. Hence, it is surprising that although many ex- 
perimental and clinical data have been obtained on this subject from studies on 
humans and lower species, practically nothing is available from experiments in 
vitro. 11 Nearly all the investigations in this field have been carried out upon intact 

10 It appears likely that the relative concentration of sulfur-containing amino acids to phenyl- 
alanine and tyrosine (which are required for melanin formation) was reduced, because many vege- 
tables have small amounts of cystine and methionine but large amounts of phenylalanine and tyrosine. 

11 This phrase 'experiments in vitro* is used here to mean only investigations cairied out with 
isolated enzyme systems. Tissue culture experiments are included with findings in vivo. 
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organisms. In the present discussion efforts will be made to report and correlate in- 
formation gained from observations on man and lower animals. In addition, the only 
two reports that we are aware of on studies with isolated enzyme preparations will be 
carefully evaluated. 

Observations on Human Subjects and Experimental Animals 
Sex hormones. Estrogens given orally have been shown to induce pigmentation 
in the nipples and areolae, and along the linea alba in humans (131). Parenteral ad- 
ministration of estrogens to guinea pigs induces pigmentation in the nipples and 
areolae (131). Particularly interesting is the development of pigmentation of the 
nipples following local unilateral application of estrogens to guinea pigs (131). This 
observation suggests that estrogens have a local pigmentogenic action on the melano- 
blast The hyperpigmentation observed frequently in the nipples, areolae, linea alba 
and face during pregnancy has not been satisfactorily explained, but it is believed 
to be related to the high estrogen levels during gestation. The lack of pigmentation 
following administration of large doses of estrogens to women in the menopause is 
considered by Davis and co-workers (131) to be due to anatomic and functional 
changes in the pituitary occurring in the processes of aging, which interfere with 
the development of hyperpigmentation. 

Testosterone induces melanin pigmentation when applied locally to sparrows' bills 
(132) and to the scrotum of the ground squirrel (133). Injection of androgens also 
increases melanin pigmentation in human male castrates (134). It has been observed 
that in male castrates little increased pigmentation develops upon exposure to ultra- 
violet light (134)- However, if these men are given testosterone propionate several 
days after exposure to ultraviolet radiation, hyperpigmentation develops over the 
exposed areas. 

Forbes (135) has reported darkening of the hair in male and female rats after 
implantation of both androgenic and estrogenic hormones in the form of pellets. 
Hamilton (136) working with tissue cultures of skin ectoderm from fowls found that 
androgens and estrogens accelerated the differentiation of melanophores. 

As mentioned previously, estrogens and androgens appear to increase melanin 
pigmentation by acting directly on the melanoblasts. Their exact mode of action is 
obscure, and speculation on this subject is not justified at the present time. 

Pituitary hormones. Cold-blooded vertebrates show striking pigmentary re- 
sponses to changes in illumination, temperature and other factors (137). These alter- 
ations in pigmentation result from the expansion and contraction of dermal and 
epidermal melanophores, regulated by nervous and humoral influences. The humoral 
control is due to a blood-circulated pituitary melanophore hormone (or hormones). 
Injection of melanophore hormones into hypophysectomized frogs causes expansion 
of the cutaneous melanophores. Pituitary extracts from vertebrates of several classes, 
including mammals, contain melanophore hormones. It is interesting that although 
mammals do not have cutaneous melanophores, a rich store of melanophore-expand- 
ing hormone (intermedin) exists in the pituitary gland. Dawes (138, 139) has pro- 
vided evidence that when amphibians with active melanophores are maintained for 
prolonged periods on illuminated black backgrounds, an absolute increase in amount 
or darkening in color of melanin results. 
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Clinical evidence indicates that the pituitary gland has some control of pig- 
mentation in man. Patients with hypopituitarism often exhibit decreased melanin 
pigmentation. It is not known whether the pituitary gland exerts a direct or an in- 
direct effect on pigmentation. 

Adrenal hormones. Hyperpigraentation in animals following adrenalectomy has 
been observed by Ralli and Graeff (140, 141) and by Butcher (142). The former in- 
vestigators produced nutritional achromotrichia in rats on a diet deficient in the 
filtrate factor and noted that adrenalectomy resulted in repigmentation of the hair. 
This repigmentation could be prevented by giving the animals deoxycorticosterone. 
In humans, also, total removal of the adrenal cortical tissue by surgery produces the 
clinical picture of Addison's disease with deep hyperpigmentation (143)- These facts 
suggest that adrenal hormones under certain conditions have an inhibitory effect on 
melanin pigmentation. Hamilton (136) has demonstrated an inhibitory action of 
deoxycorticosterone on the development of melanophores in explants of skin from 
chick embryos grown in tissue culture. A recent report by Whitaker and Baker (144) 
showed the inhibitory effect of locally applied ii-dehydro-17-hydroxycorticosterone 
on melanin pigmentation and hair growth in black-hooded rats. In spite of these 
experimental findings, the exact mechanism of increased melanin pigmentation in 
adrenal hypofunction (Addison's disease) is not yet satisfactorily explained. The 
hyperpigmentation in this syndrome only rarely decreases and most often remains 
unchanged after replacement therapy with either adrenal cortical extracts or syn- 
thetic hormones such as desoxycorticosterone or ii-dehydro-17-hydroxycorticos- 
terone. It is possible that the adrenal fraction responsible for the inhibitory effect 
of the adrenal gland on pigmentation either had been destroyed in preparation of 
the extracts or was present in insufficient quantity. 

The slowly developing diffuse hyperpigmentation frequently associated with 
Addison's disease usually affects the parts of the body that are normally hyperpig- 
mented, such as the axillae, areolae and anogenital regions. Exposed parts of the 
body such as the face and parts subjected to mechanical irritation also show in- 
creased pigmentation. The hair frequently darkens. Pigment normally present in the 
oral mucosa is increased in many patients. It is interesting that, although patients 
with Addison's disease have a generalized tendency toward hyperpigmentation, this 
abnormally increased deposition of pigment occurs in regions of the body most favored 
for normal melanin formation. 

Areas of skin and mucous membrane, such as the axilla, groin, skin folds and 
oral cavity, which are at higher temperature than other regions, tend to be hyper- 
pigmented. This might be associated with the fact that the rate of enzymatic oxi- 
dation of tyrosine to melanin like most enzyme reactions is dependent on tempera- 
ture. The reaction is much more rapid at temperatures greater than 30 0 C. This sub- 
ject will be discussed in more detail later in the paper. 

Other hypcrpigmented parts, such as the face and the dorsum of the hands, 
are exposed to light, which is known to stimulate melanin formation. 

Much speculation has arisen concerning the mechanism of the processes which 
predispose to hyperpigmentation in patients with Addison's disease. According to 
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one of the oldest, and discarded, hypotheses, it is assumed that inhibition of the 
sympathetic nervous system results in increased melanin formation and that normally 
the adrenal gland stimulates the sympathetic system (145). Adrenal insufficiency 
would then predispose one to increased pigmentation due to lack of adrenal stimu- 
lation. 

Bloch and Loffler (146) supported the view that epinephrine and melanin are 
derived from the same precursor and that if the adrenal glands do not utilize this 
substance for synthesis of epinephrine, it accumulates and is converted to melanin 
with subsequent melanosis. 

Another hypothesis was proposed when it was found that ascorbic acid, normally 
present in high concentration in the adrenal gland, is decreased in Addison's disease 
presumably because of the destruction of adrenal tissue. Ascorbic acid is assumed 
to be a normal inhibitor of melanin formation, and any decrease in ascorbic acid in 
the tissues would result in hyperpigmentation (147). There is good evidence that 
this hypothesis is not correct, for if ascorbic acid normally inhibits melanin formation, 
dopa should accumulate in the serum. This has not been found to be the case (99), 

Calkins (94) has suggested that the pituitary may have a primary role in human 
melanogenesis and that there may exist a pituitary-adrenal interrelationship (similar 
to the pituitary- thyroid axis) whereby adrenal hormones inhibit the release of inter- 
medin (pituitary melanophore hormone). Primary adrenal cortical insufficiency 
would result in a compensatory overactivity of the pituitary with an increased out- 
put of intermedin followed by increased melanin synthesis. This hypothesis is inter- 
esting in view of some recent evidence (148) demonstrating an increased adreno- 
corticotrophic activity in the blood of patients with adrenal cortical insufficiency 
(Addison's disease). It is a well-known clinical observation that patients with second- 
ary adrenal cortical insufficiency as a result of hypopituitarism (Simmonds' dis- 
ease) only rarely develop hyperpigmentation. 

An interesting observation, 15 which may indicate a possible role of the pituitary 
in human melanogenesis, has been made in a patient receiving adrenocorticotrophin 
(ACTH) in the arthritic service of the Mayo Clinic. This patient, a white male, 
developed marked pigmentation of the palmar creases, axillae, dorsum of the hands 
and feet, and in a recent operative scar. There were no indications of adrenal in- 
sufficiency which might account for the development of the pigmentation. The ACTH 
preparation, however, was found to contain appreciable melanophore hormone 
(intermedin) on bioassay in hypophysectomized frogs, a finding which may be rele- 
vant to the development of pigmentation under chronic treatment with pituitary 
preparations. 

The authors would like to suggest that in Addison's disease there may be a 
decrease in concentration of sulfhydryl groups at the site of melanin formation. A 
decrease in sulfhydryl compounds in the blood of patients with Addison's disease 
has been reported (149). This observation indicates that the adrenal glands may 

u For permission to cite the assay results and the clinical observations on this patient, the 
authors are indebted to Drs. A. Albert, R. G. Sprague and H. F. Polley, Mayo Clinic, Rochester, 
Minnesota. 
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play a role in regulating the metabolism of sulfhydryl compounds. As stated pre- 
viously a decrease in glutathione or similar substances in the skin would tend to 
increase melanin pigmentation. 

Several variations of the foregoing hypotheses can be found. It remains to be 
seen which if any of these views will receive experimental support. 

Enzyme Studies 

In 1940 Fostvedt (150) reported results of detailed experiments concerning the 
influence of melanophore hormones on the tyrosine-tyrosinase reaction. He worked 
with mealworm tyrosinase and melanophore hormone preparations obtained from 
the pituitary glands of different species of land and marine animals. Some hormone 
preparations apparently accelerated the tyrosine- tyrosinase reaction, as determined 
by oxygen uptake measurements, whereas others inhibited it. None of the prepa- 
rations, however, had a notably marked effect on the tyrosine-tyrosinase reaction. 

Fostvedt's systems had only weak tyrosinase activity, and usually no effect was 
noticeable for one or two hours. He reported differences between the experimental 
and control studies after this time, experiments sometimes being carried out for six 
hours. However, throughout the experiment the slopes of the oxidation curves for 
the test and control runs did not differ greatly, and it is difficult to ascertain whether 
an accelerating or inhibiting effect was present. Experiments should be done in 
which the tyrosinase activity is varied and the hormone concentration is kept con- 
stant, and vice versa. Also, since Fostvedt found relatively little leveling off of the 
oxidation curves even after 60 per cent of the tyrosine was oxidized, it would be 
interesting to prolong the experiments to determine whether or not all the oxygen 
consumed is used only to oxidize tyrosine to melanin. Fostvedt's experiments rep- 
resent an interesting beginning in this field, but more work must be done before 
definite conclusions can be reached. 

Figge and Allen (151) reported in 1941 that the inhibition of melanin formation 
by glutathione was released by estrone. Working with crude potato tyrosinase prepa- 
rations, they measured melanin production in the tyrosine-tyrosinase reaction by 
colorimetric means. Glutathione prevented the formation of melanin, and estrone 
(in equimolar quantities with respect to glutathione) reversed the inhibition. This 
finding, if correct, would be of immense significance and might account for some of 
the action of estrone on pigmentation in vivo. Unfortunately, Figge and Allen did 
not use adequate controls since they did not determine the action of their tyrosinase 
preparations on estrone itself. Additional experiments, including some with purified 
tyrosinase, must be carried out to determine the effect of estrone on the tyrosine- 
tyrosinase reaction. The crude enzyme preparation probably contained estrinase 
(152). It would be interesting to know whether an oxidation product of estrone re- 
leased the glutathione inhibition of tyrosinase or whether estrone itself was oxidized 
to a colored product. 

NEUROGENIC FACTORS IN MELANIN FORMATION 

In addition to the influence of nutritional and hormonal factors on the biochem- 
ical reactions involved in melanin formation, certain neurogenic factors play im- 
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portant roles. Most of the information on the neurogenic controls of pigmentation 
has been obtained from clinical observations. 

A neurogenic control of melanogenesis in human skin is suggested by some 
recent transplantation experiments reported by Haxthausen (152a). When normal 
skin was transplanted to an area of vitiligo, the graft was found in a few months to 
become depigmented. Conversely, when the vitiliginous skin was transplanted to an 
area of normal skin, the pathologic skin graft gradually repigmented. 

The hyperpigmentation seen in patients with the rare disease, acanthosis nigri- 
cans, is similar to that observed in Addison's disease and often develops when a 
malignant lesion of the viscera, either by direct extension or through pressure, in- 
volves the celiac plexus or chromaffin system. Reports have been made of abnormal 
pigmentation associated with neurologic and psychiatric disturbances (i53- I 5S)* 

These and other findings indicate that abnormalities of the nervous system can 
result in disturbances in pigmentation. The mechanism of the neurogenic control is 
unknown. It is hoped that some aspects of this fascinating subject can be clarified 
in the near future. 

BIOCHEMICAL BASIS FOR MELANIN FORMATION IN CLINICAL CONDITIONS 

The elaboration of melanin pigment in the epidermal melanoblast ordinarily 
depends on the available concentration of three substances: /) the enzyme tyrosinase 
— a copper-protein complex attached to ultramicroscopic particles in the cytoplasm 
of the melanoblast; 2) a suitable substrate— usually tyrosine or dopa; j) molecular 
oxygen. If any of these substances is absent, the formation of melanin is impaired. 
This conclusion is self-evident when one considers the reactions involved in the oxi- 
dation of tyrosine to melanin as shown in figure 1. 

The following arc some disorders that deviate from this rule because of additional factors. As 
discussed earlier, dihydroxyphenyl compounds such as dopa or epinephrine can be fairly rapidly 
oxidized to deeply pigmented substances by molecular oxygen under certain physiologic conditions 
even in the absence of tyrosinase. In alkaptonuria, a paradihydroxypheDyl compound, homogentisic 
add, is present in large amounts in body tissues and fluids (156). The oxidation of this substance in 
urine exposed to air (and possibly also in body tissues) produces a black pigment. A second example 
is the spontaneous oxidation of 5,6-dihydroxyindole to melanin in the tissues of patients with meta- 
static melanoma and melanuria. This will be discussed later. 

It has been reported that dopa can be oxidized to melanin t» vitro in the presence of an active 
cytochrome C-cytochrome oxidase system in the absence of tyrosinase (157). There is no indication 
that such a system plays any role in normal melanin formation in vivo. Hie dopa- tyrosinase reaction 
is extremely rapid, and since melanin is usually produced only in certain specific cells which contain 
tyrosinase, it is unlikely that a cytochrome system plays a direct role in melanin formation. When 
melanin is produced in tissues which do not themselves contain melanoblasts, as in cases of alkapto- 
nuria with ochronosis and some cases of generalized melanosis, the possibility exists that the cyto- 
chrome systems play a more direct part. But even in these cases there is no need to postulate that 
the reactions would depend completely on these systems. 

The reaction of the three basic substances, tyrosinase, substrate and molecular 
oxygen, is controlled by several physicochemical factors which determine the rate oE 
melanin formation: /) a catalytic substance, usually dopa, which can accelerate the 
tyrosine-tyrosinase reaction; 2) chemical groups which normally inhibit copper en- 
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zymes, for example, sulfhydryl groups, normally found in the epidermis; j) physical 
and chemical factors such as temperature, hydrogen ion concentration and oxidation- 
reduction potentials. The quantity of melanin produced by the cell depends on the 
over-all balance of these different forces as illustrated in figure 3. 

Many substances, including dihydroxyphenyl compounds and reducing agents, 
catalyze the tyrosine-tyrosinase reaction. Of these substances dopa is the most effec- 
tive now known (57, 58). The mechanism of this catalytic process was discussed 
previously. 

It was pointed out in an earlier section that several compounds inhibit tyrosinase. 
Some effective inhibitors are naturally occurring organic sulfur compounds, such as 
glutathione and cysteine. These substances inhibit the enzyme by binding copper 
which is necessary for tyrosinase action. Ginsburg (158) demonstrated the presence 

BIOCHEMICAL FACTORS ftCOULATINQ THE FORMATION OP MELANIN 




Fig- 3. Factors regulating the formation of melanin. 



of sulfhydryl compounds in extracts of guinea pig skin, and recently Rothman and 
co-workers (29, 30) have found similar substances in isolated human epidermis. These 
findings suggest that sulfhydryl compounds occurring naturally in the skin may re- 
tain the enzyme tyrosinase in an inactive state by binding copper. Oxidation or in- 
activation of the sulfhydryl groups releases the bound copper, thus facilitating ty- 
rosinase action. 

From data already presented it can be seen that increasing the temperature, up 
to certain Limits, of a tyrosine- tyrosinase reaction accelerates the reaction. The hy- 
drogen ion concentration is also an important factor in melanin formation. The pn 
range 6.7 to 7.2 appears to be optimal. At higher values of pn the induction period in 
tyrosine oxidation is prolonged, and at lower values of pn tyrosinase activity is re- 
duced. An additional factor is the oxidation-reduction potential of the system, which 
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may control the tyrosine induction period. High redox potentials are associated with 
long induction periods. 

The state of oxidation of melanin itself may be important in the pigmentation of the skin. 
Melanin is light colored in the reduced form and black in the oxidized form. In the presence of reduc- 
ing substances such as ascorbic acid, melanin is light colored (see page 106). 

Most investigations of the enzymatic formation of melanin have been carried 
out with plant, insect and mammalian melanoma tyrosinase. Relatively little work 
has been done with tyrosinase from human epidermis (see pages 104, 105). For this 
reason only the factors which appear to be applicable to tyrosinase from all sources 
are discussed. It is assumed that the data apply to human epidermal tyrosinase as 
well. Justification for this assumption arises not only from the observation that 
some properties are common to all tyrosinases but also from the fact that tumors 
have not been found to contain enzymes differing from those present in normal tis- 
sues. There is no reason to believe that melanoma tyrosinase, which can easily be 
prepared, differs from normal skin tyrosinase, which can be isolated only in small 
quantities. 

On the basis of the foregoing data attempts will be made to explain some normal 
and abnormal changes in pigmentation other than changes associated with nutritional, 
hormonal and neurogenic disturbances. It is not the purpose of this paper to review 
all known pigmentary disorders. Only conditions which illustrate biochemical regu- 
latory factors will be discussed. 

Suntanning 

Ultraviolet irradiation appears to be concerned with melanin formation in at 
least four different ways, all of which tend to increase pigmentation. First, ultra- 
violet radiant energy catalyzes the oxidation of tyrosine to dopa (159). Small amounts 
of dopa thus formed can then catalyze the tyrosine-tyrosinase reaction. Second, the 
concentration of sulfhydryl groups in human epidermis is decreased after irradiation 
with ultraviolet light (160). Ionizing radiations (ultraviolet, roentgen, radium) pro- 
duce an oxidizing agent (or agents) from water, which can oxidize sulfhydryl groups. 
In this process natural inhibitors of tyrosinase are removed. Third, the redox po- 
tential of human skin (161) decreases appreciably after irradiation. As stated pre- 
viously, tyrosinase may be more active at relatively low potentials than at high ones. 
Fourth, cutaneous temperature is often but not always increased when one is ex- 
posed to ultraviolet irradiation, as in direct exposure to the sun on a warm, clear 
day. In addition, the erythema of the skin which results from exposure to ultraviolet 
light may elevate epidermal temperatures to values above normal. As already men- 
tioned, increase in temperature accelerates melanin formation. The interrelationship 
of the various factors concerned in melanin formation by ultraviolet radiation are 
summarized in figure 4. In addition to its four probable effects on melanin formation, 
ultraviolet radiant energy also causes darkening (by oxidation) of melanin already 
present in the skin. A more detailed discussion of this interesting topic has recently 
been reported (162). 
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Heavy Metals and Melanosis 

Increased melanin pigmentation is frequently observed when heavy metals such 
as arsenic, bismuth, iron, gold, silver" and mercury are deposited in the skin (163). 
Deposition of metals in the skin usually occurs when drugs containing heavy metals 
are used therapeutically. Patients with hemochromatosis have relatively large amounts 
of iron and copper deposited in the skin (164). The most reasonable explanation 
for these findings is that metals bind epidermal sulfhydryl groups and thereby re- 
lease inhibition of tyrosinase. The increased tyrosinase activity results in increased 
melanin formation. 

MELANIN FORMATION 0Y ULTRAVIOLET RADIATION 
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Hg. 4. Factors controlling the formation of melanin by ultraviolet radiant energy. 

Beat and Pigmentation 

Localized pigmentation often follows burns or chronic exposure to heat of 
limited areas of skin. The increased temperature may accelerate melanin pigmen- 
tation directly by accelerating the enzymatic oxidation of tyrosine and by increasing 
the rate of sulfhydryl group oxidation. After severe bums with destruction of melano- 
btasts, decreased pigmentation is noted. In these cases the enzyme tyrosinase is ab- 
sent and melanin cannot be formed. 



Postinflammatory Pigmentation 

Increased pigmentation is seen in many patients who have had cutaneous in- 
flammatory diseases. Rothman and co-workers (29) suggested that sulfhydryl com- 
pounds are oxidized or otherwise destroyed in some of the inflammatory processes 
with the result that melanin formation is increased. 

u The presence of silver in the skin (argyria) may be associated with only a slight increase in 
melanin pigmentation. Instead, there is often increased pigmentation due to the actual deposition 
of metallic silver. SmaU amounts of metallic silver may dissolve and be converted to silver ions. 
These ions could react with sulfhydryl groups to produce the Blight increase in melanin. 
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Hyperthyroidism 

Increased pigmentation has been noted in some patients with hyperthyroidism 
and decreased pigmentation in others (165). It is difficult at this time to interpret 
these conflicting observations. Hyperpigmentation might be related to the decrease 
in sulfhydryl compounds which has been reported in hyperthyroidism. Hypopig- 
mentation might be due to decreased tyrosine concentration in the skin as a result 
of increased conversion of tyrosine to thyroxine and other substances due to the 
hypermetabolic state. The balance between the relative concentration of sulfhydryl 
compounds and tyrosine may determine the pigmentary changes in patients with 
hyperthyroidism. 

Mclanuria and Generalized Melanosis 

It is not unusual to observe melanuria and rarely generalized melanosis in pa- 
tients with metastatic melanoma (166-174). Linnell and Raper (175) showed that 
a simple derivative of 5,6-dihydroxyindole was present in the urine of a patient 
with a metastatic melanoma and melanuria. Melanotic tumors may produce such 
large amounts of the oxidation products of tyrosine that some of these compounds 
(dopa, 5,6-dihydroxyindole, etc.) are released into the general circulation before 
being completely oxidized to melanin in the tumors. These substances could be 
oxidized to melanin in tissues distant from the tumor site even in the absence of 
tyrosinase (fig. 1). 

Phenylpyruvic Oligophrenia 

Phenylpyruvic oligophrenia is a rare disease in children characterized by mental 
deficiency and increased urinary excretion of phenylpyruvic acid and phenylalanine 
(176). These patients characteristically have light skin, blond hair and blue eyes 
(177-179). They do not tan when exposed to sunlight. This condition is considered 
to be an inborn error of metabolism in which phenylalanine cannot be converted to 
tyrosine. It is possible that tyrosine, the substrate in the enzymatic formation of 
melanin, is present in amounts inadequate for melanin synthesis. 

Normally, metabolic requirements for tyrosine are fulfilled directly from dietary 
sources and from oxidation of phenylalanine. Patients with phenylpyruvic oligo- 
phrenia obtain tyrosine only from the diet, and they have reduced amounts of ty- 
rosine in the blood. It is possible that the available tyrosine is utilized for the pro- 
duction of essential hormones, (for example, thyroxine) and proteins rather than 
for conversion to melanin. 

Albinism 

Partial or complete absence of melanin has been found to occur as a recessive 
trait in all mammals that have been studied. The inability of albinos to form melanin 
results from absence of melanoblasts in the epidermis. Since tyrosinase is contained 
within the melanoblast, the substrate tyrosine, although present in adequate amounts, 
is not catalytically oxidized to melanin. 

Normal Variations in Pigmentation 

A question often asked is why certain individuals are more pigmented than others. 
In normal individuals, pigmentation varies from very light to near black. Among 
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the factors controlling melanin formation, shown in figure 3, the tyrosine, dopa and 
oxygen concentrations and the temperature and pn would be expected to be ap- 
proximately the same for all healthy people. The concentrations of tyrosinase and 
sulfhydryl compounds (and possibly the redox potential) are likely to vary in different 
individuals and to depend in large part on hereditary factors. The state of oxidation 
of melanin itself may vary. It is not possible at this time to conclude which of these 
factors plays the dominant role in determining the pigmentation of an individual. 

SUMMARY 

In this review an endeavor has been made to describe the biochemical mecha- 
nisms of melanin formation and to correlate the enzymatic processes involved therein 
with experimental and clinical observations on melanin pigmentation. 

The enzyme tyrosinase, a copper-protein complex, catalyzes the oxidation of 
tyrosine to dopa and the oxidation of dopa to melanin. Tyrosinase is widely dis- 
tributed in nature and can be found in plant, insect, marine animal and mammalian 
tissues. In all these species tyrosinase plays an important role in melanin pigmen- 
tation. 

Until recently it was believed that mammalian tissue did not contain tyrosinase 
but contained instead, an enzyme called 'dopa-oxidase,' which supposedly catalyzed 
only the oxidation of dopa to melanin. It is now known that the original distinction 
between tyrosinase and dopa-oxidase is no longer valid. Hence, it is suggested that 
the single term tyrosinase should be used instead of the separate terms tyrosinase 
and dopa-oxidase. 

While tyrosinase obtained from different species has some unique properties 
depending on the particular source, three characteristics are common to tyrosinase, 
under proper conditions, regardless of its origin : /) the oxidation of tyrosine to melanin 
is catalyzed by tyrosinase ; 2) the tyrosine-tyrosinase reaction is catalyzed by some 
o-dihydroxyphenyl compound, for example, dopa; j) the activity of the enzyme is 
associated with copper ions. Current investigations indicate that tyrosinase is a 
single enzyme, although unequivocal proof of this is lacking. The preparation and 
properties of tyrosinase are discussed. 

Various substances inhibit melanin formation in vitro and in vivo. The mechanism 
of the inhibition depends on the particular step which is blocked of the tyrosinase- 
catalyzed series of reactions by which tyrosine is converted to dopa, and eventually 
to melanin. Melanin pigmentation in mammals is regulated by biochemical factors, 
some of which are well defined, such as the concentrations of enzyme, substrate, 
hydrogen ions, sulfhydryl groups, and so forth. Some of these factors, as well as 
others which are as yet unknown, are influenced by nutritional, hormonal and neuro- 
genic control. The biochemical basis for melanin pigmentation in several clinical con- 
ditions has been presented. 

We should like to express our indebtedness to Marguerite Rush Lerner for her invaluable 
assistance in the preparation of this review. We wish to acknowledge the contributions made by 
Dr. W. H. Summerson and Dr. E. Calkins, who aided in carrying out the experimental work which 
formed the basis for some of the concepts of the biochemistry of melanin formation presented in 
this paper. For- their helpful criticisms and suggestions, we want to thank the following: Drs. I*. 
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The exocrine pancreas synthesizes, stores, then se- 
cretes massive amounts of hydrolytic enzymes for diges- 
tion. The synthesis of the secretory enzymes accounts 
for approximately 80% of the protein synthesis of the 
entire gland (1, 2). These secretory enzymes, with few 
exceptions, are not expressed at significant levels in 
nonpancreatic tissues; the occurrence of similar enzymic 
activities in other tissues is generally due to the presence 
of enzymes encoded by different genes. It is the high and 
selective expression of the genes for a few hydrolytic 
enzymes that largely determines the differentiative phe- 
notype of the acinar cell, the predominant cell type of 
the pancreas. To approach an understanding of tissue- 
specific gene regulation, we have chosen to study the 
expression of a family of pancreas-specific genes— the 
pancreatic serine proteases — because of their selective 
expression and the advantages that accrue from the 
comparative analysis of a group of similarly regulated 
genes. 

The pancreatic subfamily of serine proteases com- 
prises nine structurally and functionally homologous en- 
zymes (three chymotrypsins, three trypsins, two elas- 
tases and one kallikrein). The gene family that encodes 
these proteins has evolved from a common ancestral 
gene through a series of duplications (3). With the ex- 
ception of kallikrein (4), the presence of similar protease 
activities in nonpancreatic tissues appears due to prod- 
ucts of related but distinct serine protease genes. More- 
over, expression in pancreatic acinar cells is very high, 
such that about 20% of the total protein synthesis is for 
these few serine proteases (2). 

To understand the molecular aspects of cell differen- 
tiation, it is necessary to define the mechanisms that 
determine the timing, the extent and the tissue-specific 
nature of transcription of developmental^ regulated 
genes. An understanding of transcriptional regulation 
will include knowledge of the nature of DNA control 
sequences, the number and nature of irons-acting factors 
that interact with those sequences, the nature of that 
interaction and how that interaction then modulates 
gene transcription. Our approach has been to character- 
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ize pancreas-specific genes directly and to analyze their 
mode of regulation through the ^introduction of the 
cloned, purified genes into animals. 

mRNAs OI? THE EXOCRINE PANCKEAS 
As would be expected for a tissue that synthesizes a 
few prominent protein products, the polyadenylated 
mRNA population of the pancreas is dominated by a few 
mRNAs. Figure 1 shows the profile of poByadenylated 
mRNA isolated from total pancreatic RNA and resolved 
by electrophoresis. A small amount of 28S and IBS 
ribosomai RNA remains in this mRNA preparation. The 
other bands represent the mRNAs for the major exocrine 
secretory enzymes. The mRNAs for the major secretory 
enzymes have been identified by two approaches. In 
many instances, the mRNAs were separated either by 
electrophoresis (5, 6) or sucrose gradient centrilfugation 
(7) and translated in vitro. The translation products were 
subsequently identified by immunological techniques or 
by their characteristic electrophoretic mobilities. Alter- 
natively, cDNA clones, once identified for individual 
mRNAs, were used as hybridization probes in RNA blot 
analyses of pancreatic mRNA resolved by electrophoresis 
(8-12). The mRNAs for elastase II, three chymotrypsins, 
three trypsins and kallikrein comprise a group of prom- 
inent RNAs ranging in length from 900 to 1,100 nucleo- 
tides that are not resolved by electrophoresis (Figure 1). 
Elastase fl mRNA is slightly longer (1,260 nucleotides) 
and is separated from the other mRNAs. 

The mRNAs for six pancreatic serine proteases have 
been cloned as double-stranded complementary DNAs 
(ds-cDNAs). The cloned ds-cDNAs were identified ini- 
tially by hybridization on Northern blots to prominent 
mRNAs of the appropriate size (about 1,000 nucleotides 
in length). Their identities were confirmed by compari- 
son of the amino acid sequences derived from the nu- 
cleotide sequences of the ds-cDNAs with the known 
amino acid sequences of serine proteases of cow and 
porcine pancreas. 

The serine protease mRNAs share Beveral character- 
istics (Figure 2). Each mRNA encodeB a pre-pro-enzyme. 
The ammo-terminal pre-, or signal, peptide is a charac- 
teristic of most secretory proteins and specifies the vec- 
tors! transfer of the newly synthesized protein into the 
cisternae of the rough endoplasmic reticulum as the first 
step in secretion. The pro-, or activation, peptide ensures 
the synthesis of an inactive zymogen, and must be 
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Fig. 1. Promineni mRNAs of the secretory enzymes of the rat 
pancreas. Total RNA was isolated from rat pancreas by the guanidine 
thiocyanate procedure of Chirpwin et al. (6). Polyadenylated RNA was 
selected by affinity chromatography on ofi^o-(dT) cellulose <30), and 
resolved by electrophoresis in a 1.5% agarose gel containing the dena- 
turam methyl mercury hydro* ide 131). The gel was stained with ethid- 
ium bromide and photographed. 



cleaved after secretion to yield the active, mature en- 
zyme. In addition to the pre-pro-enzyme coding domain, 
each serine protease mRNA contains short 5'- and 3'- 
untranslated regions. The 3' -untranslated region of the 
elastase I mRNA is relatively longer (280 nucleotides) 
and accounts for the greater overall length of elastase I 
mRNA compared to the other serine protease mRNAs. 

TISSUE-SPECIFIC EXPRESSION OP THE 
PANCREATIC SERINE PROTEASES 

A characteristic of the pancreatic serine protease gene 
family is the very high level of expression in the pancreas 
in contrast to the near absence of expression in other 
tissues. This differential expression is a consequence of 
the need to produce massive amounts of the enzymes for 
digestion in the intestine, and to prevent the expression 
of even small amounts of these potent and dangerous 
hydrolytic enzymes in inappropriate tissues. This rigor- 
ous, tissue-specific control of a gene family provides an 
opportunity to study very tight regulatory mechanisms. 

A measure of the tissue-specific expression of a rep- 
resentative member of the serine protease gene family 
(elastase I) is given in Table 1. In the pancreas, elastase 
I mRNA comprises about 1% of the total mRNA, or 
about 10,000 mRNAs per average pancreatic cell. Levels 
are at least 1,000-fold lower in some tissues such as 
intestine, kidney and liver. The physiological significance 
of the low but detectable expression in these tissues is 
unclear, but may represent expression at high levels in a 
small number of specialized cells, such as tissue mast 
cells (10). In other tissues such as the parotid and sub- 
maxillary gland, elastase I mRNA is undetectable; 



expression is at least 100,000-fold lower in these tissues 
compared to the pancreas. The elastase I gene appears 
maximally on in the pancreas and is off in tissues such 
as the parotid and submaxillary glands. 

At least one level of regulation of the elastase I gene 
is transcriptional. Nuclear run-on experiments detect 
elastase I gene transcription in isolated pancreatic nuclei 
but not liver nuclei (Figure 3). Elastase I gene transcrip- 
tion in isolated pancreatic nuclei accounts for about 0.2% 
of the total, whereas transcription of a liver-specific 
transcript, albumin, is undetectable. Conversely, elastase 
I gene transcription is undetectable in liver nuclei in 
which albumin transcription is prevalent. The limita- 
tions of the in vitro run-on transcription assay prevent 
confident measurements of transcription below 1 ppm, 
so that the maximum level of differential transcription 
appears to be only 150-fold, but is probably much greater. 
Therefore, differential rates of transcription alone may 
account for the disparate elastase I mRNA levels of the 
pancreas and liver. 
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Fia 2. The structure of pancreatic serine protease mRNAs. Com- 
plete mRNA sequences were derived from cloned ds-cDNAs of the 
enzymes shown. The rectangles delimit the amino acid coding domains 
of the pre-pro-enzymes; the capital letters indicate the positions of the 
amino acid residues of the catalytic triad and the primary determinant* 
of substrate cleavage specificity characteristic of each protease subclass. 
The horizontal lines extending from the rectangles indicate the length 
of V- and 3 '-untranslated regions The dotted tines in the trypsin II 
mRNA represent regions not yet sequenced. The mRNA cloning and 
sequencing information were derived from Swift et a! (11) for kalli- 
krein, MacDonald et al. (10) for elaataaes I and II. MacDoruUd et al. 
(8) for trypsins I and II, and Bell et al. ( 12) and S. Lowther (unpublished 
data) for cbymotrypain B. 



Table ]. Elastase 


1 mRNA levels in the rat 


mRNAs per cell 


Pancreas 


10,000 


Liver 


10 


Kidney 


4 


Intestine 


3 


Spleen 


0.1 


Submaxillary gland 


<0.5 


Parotid 


<0.I 


Testes 


<0.1 



mRNA levels were quantified by solution hybridization using a 
single- stranded rat elastase 1 cDNA probe. The numbers of elastase 1 
mRNA molecules per cell were calculated as described by Swift et a). 
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FlG. 3. Pancrcas-ftpedfic transcription of the elastase 1 gene. Nuclei isolated from rat pancreas and liver were incubated with ("PJUTP to 
extend nascent RNA transcripts. The in vitro transcribed RNA was isolated and hybridized to rat elastase I and albumin cDNA plasmida bound 
to nitrocellulose. Background was defined as the amount of hybridization to the cloning vector pBR322. The relative transcription rates (ppm) 
are expressed as the amount of hybridizing cpm minus background divided by the number of input cpm and the length of the cloned cDNA probe 
in kilobases. All procedures were performed as described by McKnight and Palmiter (32). 
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SEQUENCE ORGANIZATION OF THE SERINE 
PROTEASE GENES 

As for most nuclear genes of higher eukaryotes, the 
genes encoding the pancreatic serine proteases are split 
Trypsin (13) and kallikrein (14) genes are divided into 
five exons, the chymotrypsin gene (12) into six. The 
elastase I and II genes are more complex (15). Both are 
divided into eight exons that extend the length of the 
genes about 10-fold over the lengths of the mRNAs 
(Figure 4). The variation in the number of introns among 



a family of genes that clearly arose from a common 
ancestral gene indicates that introns have been acquired 
or lost (or a combination of both) during the divergent 
evolution of these genes. The entire elastase I gene 
(Figure 4) was cloned in two recombinant A-phage which 
contained genomic sequences that abut in the rat genome 
(15). In addition to the 12 kb of exon and intron se- 
quences, the cloned gene region contains 7.2 kb of 5'- 
flanking and 5 kb of 3 '-flanking sequences. We chose to 
characterize further the expression of the elastase I gene 
because the presence of these extensive flanking regions 



BEST AVAILABLE COPY 



Vol. 7, No. I. Suppl. 1987 



KLASTASE GENE EXPRESSION IN TRANSGENIC MICE 



•45S 



increased the likelihood of retaining pancreas -specific 
regulatory elements. 

INTRODUCTION OF THE CLONED RAT 
ELASTASE I GENE INTO MICE 

Two methods are currently available to test for cell- 
specific expression of cloned genes. One approach is to 
introduce a purified gene into cells in culture by trans- 
fection. Cell-specific expression is measured by the dif- 
ferential expression of a gene in an appropriately differ- 
entiated cell line (e.g., the chymotrypsin gene in a 
pancreatic acinar cell carcinoma line) compared to an 
inappropriate cell line (e.g., a fibroblast or kidney cell 
line) (16). Major advantages of this method are the 
relative ease with which multiple genes or altered gene 
constructs can be tested and the speed of the assay. 
However, it is impractical to screen a large number of 
differentiated cell lines representing many different cell 
types to measure the extended specificity of expression 
in a broad range of cell types. Moreover, cells in culture 
tend to express all transfected eukaryotic genes regard- 
less of cell specificity at a low basal level, even though 
the endogenous gene is not expressed (17). Expression 
in the appropriate differentiated cell type is generally 
only 1 to 2 orders of magnitude above this basal level, 
whereas the normal differential expression in animals is 
much greater. ThuB, parts of the regulatory mechanism 
responsible for rigorous, cell -specific expression may be 
overlooked. 

A second approach (Figure 5) is to introduce cloned 
genes into all cells of an animal by microinjection into 
fertilized eggs to create transgenic animals (18, 19). A 
major advantage of this method is the ability to assay 



for expression in many tissues of an animal. We have 
introduced the rat elastase I gene into mice to determine 
whether expression of a transgene can occur in the proper 
tissue-specific manner. 

To introduce the elastase I gene into mice, it was 
necessary to reassemble the gene by cloning into pBR 
322 (20). Since regulatory elements may reside within, 
nearby or even far outside the structural genes they 
control, extensive 5'- and 3 '-flanking sequences were 
included in addition to the structural gene. The reassem- 
bled gene spanned the 24 kb of genomic sequences shown 
in Figure 4, with the exception of the 1.5 kb EcoRI 
fragment within intron 6. Approximately 250 gene copies 
in 2 picoliters were injected ( 19) into the male pronucleus 
of fertilized mouse eggs (Figure 5). Generally, 80 to 90% 
of microinjected eggs survive. The eggs then were im- 
planted into to oviducts of foster mother mice. About 
50% of the implanted eggs develop normally. Generally 
15 to 30% of the pups derived from the microinjected 
eggs have the foreign gene integrated into their genome. 
To identify pups that have acquired the rat gene, DNA 
was isolated from the distal 2 cm of the tail of each pup, 
spotted onto nitrocellulose and hybridized with a probe 
derived from the 3 '-untranslated region of the rat elas- 
tase 1 mRNA. Under stringent hybridization conditions, 
this hybridization probe does not cross-hybridize with 
mouse elastase I sequences, and therefore can be used to 
selectively detect rat elastase I genes (or mRNA) even in 
the presence of endogenous mouse elastase I genes (or 
mRNA). In four microinjection experiments with the 
elastase 1 gene, 7 mouse pups from a total of 37 bom had 
acquired the rat elastase I gene integrated into the ge- 
nome. The quantification of integrated genes from tail 
DNA for 5 of the original 7 transgenic mice is shown in 
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PlC. 5. The production of transgenic mice bearing foreign genea integrated into genomic DNA. 
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Figure 6. The number of integrated genes varied between 
2 and 120 copies among the original transgenic mice. 

A number of important parameters concerning the 
integration of the microinjected gene into the mouse 
genome cannot be controlled (19). (i) The number of 
integrated genes varies between transgenic mice, from a 
fragment of a single gene to several hundred gene copies 
per cell. The integration of multiple gene copies generally 
occurs at a single genomic location (occasionally animals 
with two independent integration sites are found) with 
the copies linked tandemly in a head-to-tail array, (ii) 
Integration does not occur preferentially at the position 
of the endogenous gene. Rather, insertion, if not random, 
can occur at a large number of sites, (iii) The timing of 
the integration event may vary. If integration occurs 
before the first egg cleavage, all cells of the animal carry 
the genes; integration at later times may limit the intro- 
duced gene to only some cells of the animal (mosaicism). 

The number of independent integration loci for each 
transgenic mouse can be determined by following the 
segregation of the introduced genes in the progeny de- 
rived from mating with normal mice. Since transgenic 
mice are hemizygous for the introduced genes, 50% of 
the progeny of a single locus transgenic mouse inherit 
the parental number of gene copies. Greater than 50% 
of the progeny inherit genes from a transgenic parent 
with multiple, unlinked loci of introduced genes; the 
number of genes inherited is characteristic of an individ- 
ual locus or combination of loci. Fewer than 50% of the 
progeny inherit the genes if the founding transgenic 
mouse is mosaic; progeny that inherit the genes have a 
higher copy number than the apparent copy number of 
the mosaic parent. Mating experiments with the first 
five transgenic mice bearing the rat elastase I gene dem- 
onstrated the presence of three kinds of integration 
classes (20). Transgenic Mice 13-4, 6-3 and 9-4 had 2, 7 
and 9 gene copies, respectively, integrated at single loci 
(Figure 6). Mouse 13-1 had 100 gene copies divided into 
an 80 copy locus and a 20 copy locus. Mouse 22-5 with 
an apparent copy number of 120 was a mosaic: fewer 
than 50% of the progeny inherited the rat genes; those 
that did, inherited twice the parental number. 

EXPRESSION OF THE RAT ELASTASE I GENE 
IN TRANSGENIC MICE 

To determine whether the introduced rat genes were 
expressed, and if so whether expression was pancreas- 




Fic. €. Copy number of the rat elastase I gene in transgenic mice. 
Total nucleic acid was isolated from tail pieces of a normal mouse, rat 
and five of the original transgenic mice. Five micrograms of tail DNA 
from each animal were spotted onto nitrocellulose and hybridized with 
a "P-labeled. rat-specific, single-stranded elastase I probe (20). The 
numbers of gene copies per cell, based upon "P-cpm hybridized relative 
lo the rat DNA, are shown. 



specific, we assayed rat elastase 1 mRNA levels in eight 
transgenic mouse tissues, including the pancreas (20). 
Equal amounts of total RNA from each tissue were 
resolved by electrophoresis in agarose gels containing the 
denaturant methylmercury hydroxide, transferred and 
covalently bound to diazophenylthioether paper and hy- 
bridized with the rat-specific hybridization probe derived 
from the 3' -untranslated region of the elastase I mRNA 
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Fig. 7. Northern blot analysis of rat elastase I mRNA expression in 
transgenic mice. Total RNA was isolated from the tissues listed at the 
top by the guanidine thiocyanate procedure of Chirgwin et al. (6). Ten 
micrograms of total RNA from each tissue were resolved by electro- 
phoresis in 13% agarose gels containing methyl mercury hydroxide 
(31), transferred (33) and covalently bound to diazophenylthioether 
paper (34) and hybridized with a rat -specific single-stranded DNA 
probe derived from the 3 '-untranslated region of the rat elastase I 
mRNA (20). The number of rat gene copies per cell is given in 
parentheses for each transgenic mouse. Each blot also contained I0>g 
of normal rat pancreatic RNA ( first lane) to show the amount and size 
of authentic rat elastase I mRNA in normal rat pancreas. The absence 
of hybridization to mouse elastase mRNA present within the mouse 
pancreatic RNA sample on each blot (third lane) demonstrated the 
species specificity of the probe. 
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(Figure 7). In 4 of the first 5 animals tested, expression 
was indeed specific to the pancreas. Mice 13-1, 9-4, 6-3 
and 13-4 had pancreatic levels of the rat message equal 
to or greater than the normal rat level. Expression in 
other tissues was not detectable by this analysis, with 
the exception of significant, but low, mRN A levels in the 
spleens of Mice 13-1, 9-4 and 6-3, and in the liver of 
Mouse 6-3. However, the level of this inappropriate 
expression was at least 2 orders of magnitude below 
pancreatic levels. 

Expression in Mouse 22-5 was below the level of de- 
tection by this Northern blot analysis for all tissues 
examined. More sensitive solution hybridization revealed 
rat elastase I mRN A in the pancreas at about 0.5% of 
the normal rat level, and levels in nonpancreatic tissues 
were several-fold lower. Thus, some pancreas-specific 
expression was observed, but at an exceeding low level. 
Since this transgenic mouse was mosaic, one likely ex- 
planation for the lack of pancreatic expression is an 
extreme mosaicism for the pancreas, such that the rat 
genes were present in very few pancreatic acinar cells. 
Consistent with this explanation, transgenic progeny 
derived from this founding mouse had high levels of rat 
elastase I mRNA in the pancreas (see Table 2, discussed 
below). Moreover, the expression was limited to the 
pancreas. The appearance of high, pancreas-specific 
expression in transgenic progeny of Mouse 22-5 indicated 
that the chromosomal site of integration was not respon- 
sible for the lack of expression. 

The size of the rat elastase I mRNA in the pancreas 
of transgenic mice was indistinguishable from that of 
authentic rat elastase I mRNA (Figure 7). This indicated 
that initiation of transcription of the introduced genes 
and polyadenylation and splicing of the transcripts were 
correct. Moreover, accurate synthesis of the rat elastase 
I isozyme indicated that the entire amino acid coding 
region of the mRNA was intact and also correctly spliced 
(see Figure 9, discussed later). 

The extremely high pancreatic level of the rat elastase 
I mRNA can be verified directly by examining the poly- 
adenylated RNA population by agarose gel electropho- 
resis. Figure 8 displays polyadenylated RNAs isolated 
from the pancreases of a normal mouse, transgenic 
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Fic.8. Direct visualization of rai elastase ! mRNA in polyadenylated 
RNA isolated from the pancreas of transgenic Mouse 13-1 (with 100 
rat elastase I gene copies). Polyadenylated RNAs isolated from the 
pancreas of a control mouse, of transgenic Mouse 13-1, and a normal 
rat were resolved by electrophoresis in a 1.5% agarose gel containing 
methyl mercury hydroxide and stained with ethidium bromide. The 
position of migration of elastase I mRNA is noted. 
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indicates that no increase over the background level of detection was ohserved The detection level for a given tissue depended upon the 
amount of RNA available for analysis. ND = not determined. 
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Mouse 13-1 with 100 rat elastase I gene copies and a 
normal rat. The level of elastase I mRNA in mouse and 
rat pancreas is approximately 1% of the total polyaden- 
ylated RNA. The level in the RNA from the transgenic 
mouse was increased strikingly, to become the dominant 
mRNA (approximately 10% of total). Selective hybridi- 
zation with the rat-specific elastase I hybridization probe 
verified that the mRNA was derived from the rat genes 
and not from augmented expression of the endogenous 
mouse elastase I genes (20). 

SYNTHESIS AND SECRETON OF THE RAT 
ELASTASE I PROTEIN IN TRANSGENIC MOUSE 
PANCREAS 

Progeny of transgenic mice that inherited the intro- 
duced elastase I genes generally expressed them in the 
pancreas-specific manner of their parent. All transgenic 
progeny maintain high pancreatic and low- to -undetect- 
able nonpancreatic levels of rat elastase I mRNA. 

To demonstrate the correct synthesis of rat elastase I 
in transgenic mice, pancreatic lobules were dissected 
from the pancreases of a transgenic progeny mouse de- 
rived from Mouse 13-1 and cultured to radiolabel newly 
synthesized proteins. The labeled proteins were exam- 
ined by two-dimensional gel electrophoresis and com- 
pared to the proteins synthesized by normal rat and 
mouse pancreas (Figure 9). The presence of a few highly 
labeled proteins illustrates the dedication of the pancreas 
to the synthesis of a few enzymes for export. Three 
isozymes of elastase I (labeled R and M) were synthe- 
sized. Their identity was proven by the selective imrau- 
noprecipitation of these three proteins by antisera pre- 
pared against purified elastase I. Two of the isozymes 
(labeled M) are from two mouse alleles of the elastase I 
gene. The third isozyme (labeled R), synthesized at a 
similar level to the mouse isozymes, is the rat enzyme. A 
similar analysis of the proteins secreted by these lobules 
during the 6-hr incubation showed that the rat protein 
is also secreted at a high level and in a normal fashion. 
Thus, all aspects of expression of the introduced rat 
genes (transcription, processing of the mRNA precursor, 
translation of the mature mRNA and secretion of the 
mature protein) appear normal. 

HOW SELECTIVE IS THE EXPRESSION OF THE 
RAT ELASTASE I GENES IN MICE? 

We assayed the pancreatic levels of the rat elastase I 
mRNA in eight transgenic mouse lines by solution hy- 
bridization (Table 2) to more accurately compare with 
normal mRNA levels. The number of rat elastase I gene 
copies in these lines ranged from 2 to 250. Mice 13-1-12, 
19-2-22, 13-1-4 and 22-5-5 were the first generation 
progeny of founding transgenic mice. Mice 13-1-12 and 
13-1-4 have inherited the 20 copy and 80 copy locus, 
respectively, of the dual locus 13-1 parent. Mouse 22-5- 
5 is an example of the appearance of high pancreas- 
specific expression in the progeny of the nonexpression 
mosaic Mouse 22-5. Each transgenic line listed (with the 
exception of Mouse 13-1, which has two integration sites) 
represents an independent integration event of rat elas- 
tase I genes in the mouse genome. 

Each of these eight integration sites supports high, 
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Fie. 9. Synthesis of the elastase I protein at high levels by the 
pancreas of transgenic mice. Pancreatic lobules were dissected (35) 
fmm the pancreas of a normal rat {Panel R), transgenic mouse 13*1- 
10 (a first generation progeny of founder mouse 13-1) {Panel TM) and 
a normal mouse {Panel M). The lobules were cultured (2) for 6 hr in 
the presence of I'HJleucine to radiolabel newly synthesized proteins. 
This transgenic mouse had approximately 100 copies of the rat gene 
per cell and 25,000 rat elastase I mRNA molecules per pancreatic cell. 
The labeled proteins within the tissue lobules were resolved by two- 
dimensional nonequilibrium pH gradient electrophoresis (36) and au- 
loradiographed Mouse and rat elastase I isozymes were identified by 
immunoprecipitation with monospecific antibody against purified rat 
elastase I (a gift from C. Largman.). 



pancreas* specific expression of the foreign rat genes; 
therefore, appropriate pancreatic expression is essen- 
tially independent of chromosomal position. Mouse 13- 
4, with two rat gene copies per cell, has an mRNA level 
equivalent to normal rat levels, as if each copy of the rat 
gene, present in a foreign genome at a novel location, is 
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expressed as efficiently as a normal elastase I gene in the 
rat genome at its normal location. The roost prodigious 
producer of rat elastase mRNA is Mouse 13-1, with 
120,000 mRNAs per average pancreatic cell. The high 
pancreatic levels of rat elastase I mRNA in Progeny 13- 
1-12 and 13-1-4 demonstrate that each of the loci in the 
original transgenic Mouse 13-1 is active. 

The high pancreatic level of rat elastase I mRNA in 
transgenic mice is more than just a dramatic result: it 
permits a rigorous test of tissue-specific expression of 
the introduced genes. Messenger RNA levels in the pan- 
creas and two representative nonpancreatic tissues (kid- 
ney and liver) of the eight transgenic mouse lines were 
compared to determine whether the differential expres- 
sion of the transgenes was of the same magnitude as the 
normal endogenous genes (Table 2). Indeed, expression 
in nonpancreatic tissues of transgenic animals was often 
undetectable (fewer than 2 mRNAs per cell). The highest 
nonpancreatic expression was in the liver of Mouse 6-3 
with 300 copies per cell, still 150-fold lower than expres- 
sion in the pancreas of this animal. Differential expres- 
sion in the pancreas and kidney of mouse 13-1 was 
greater than 600,000- fold; therefore, even as many as 100 
copies of the rat gene integrated at two different sites in 
the foreign mouse genome were rigorously controlled. 

THE LOCATION OF PANCREAS-SPECIFIC 
REGULATORY SEQUENCES 

The recurrent, appropriate pancreatic expression of 
the rat elastase I transgenes in mice suggested that it 
should be feasible to identify tissue-specific regulatory 
sequences by trimming the gene prior to introducing it 
into mice and assaying for pancreatic expression. Fur- 
thermore, results from even a few transgenic animals 
should be significant. Figure 10 summarizes the results 
of gene trimming experiments (21). Removing 7 kb of 
upstream (5') flanking sequences to leave only 205 base 
pairs upstream of the elastase I structural gene does not 



eliminate pancreas -specific expression. The four mice 
bearing this trimmed gene had an average of 3,400 rat 
elastase I mRNAs per cell; expression in seven nonpan- 
creatic tissues was undetectable. 

In a series of fusion gene experiments (Figure 10), 
progressively shorter lengths of elastase I 5 '-flanking 
sequences were linked to the structural gene for human 
growth hormone (hGH) (21). The fusion gene with 4.2 
kb of flanking sequence linked to the hGH gene directed 
high, pancreas-specific expression of hGH mRNA in 6 
of 8 transgenic mice. This result, coupled with the result 
of the trimmed gene experiment, indicated the presence 
of either: (a) at least two pancreatic regulatory elements, 
one in the upstream region and one in the body of the 
elastase I gene or downstream flanking region or (b) a 
single regulatory element within the only region common 
to the two gene constructs— the elastase gene region 
between -205 and +8. To test these two possibilities 
directly, only the elastase I region -205 to +8 was joined 
to the hGH gene. In 4 of 6 transgenic animals bearing 
this fusion gene, hGH mRNA was found at high levels 
in the pancreas and not in other tissues. 

The expression of these fusion gene constructs yields 
a hybrid mRNA containing only the first eight nucleo- 
tides of the elastase 1 mRNA linked to the hGH mRNA 
missing its first two nucleotides. The size of the mRNA 
produced in the pancreas was indistinguishable from 
authentic hGH mRNA (21). This result indicated that 
the hGH mRNA was transcribed and spliced properly. 
This short elastase I gene region conferred transcrip- 
tional specificity in transgenic mice bearing the elastase- 
hGH fusion gene, since pancreatic nuclei, but not hepatic 
nuclei, synthesized hGH RNA (22). Moreover, immuno- 
histochemistry demonstrated that hGH protein was pres- 
ent in the acinar cells but not in endocrine or connective 
tissue cells of the pancreas. Thus, expression was di- 
rected to the appropriate cell type within the tissue. 

These fusion gene experiments permit a complete an- 
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PlG. 10. A pancreas-specific regulatory element is located near the transcription start site of the elastase I gene. The cloned rat elastase I gene 
was modified prior to microinjection into mouse eggs. [Construct 1) Unmodified gene comprising 7 kb 5' -flanking, 11 kb of exon and intron 
sequences and 5 kb of 3' -flanking sequences. [Construct 2) All but 205 nucleotides upstream from the start of transcription deleted. (Construct 
3) Fusion of the 5' -flanking region of the elastase I gene from -4,200 to +8 nucleotides to the hGH structural gene at +3. (Construct 4) Fusion 
of -500 to +8 of elastase I to hGH at +3. {Construct 5) Fusion of -205 to +8 of elastase I to hGH at +3. The number of transgenic mice with 
pancreatic expression of rat elastase I mRNA out of the total number tested is given at the right. Expression varied between 1,200 and 120,000 
mRNAs per cell, depending upon the gene construct and the individual animal. Pancreas specificity was indicated by the absence of detectable 
elastase I mRNA in several other tissues (less than 10 rat elastase I mRNAs per cell) (21). 
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imal assay for expression in nonpancreatic tissues. Al- 
though synthesis and secretion of hGH by the acinar 
cells of the pancreas of transgenic mice would result in 
the degradation of the hormone in the intestine and not 
affect growth, ectopic expression of hGH would dramat- 
ically increase growth (23), even at low levels (24). How- 
ever, none of the transgenic mice with the elastase I- 
hGH fusion gene grow detectably larger than their nor- 
mal litter mates. This absence of enhanced growth in 
animals bearing elastase I-hGH fusion genes also indi- 
cates that expression does not occur in nonpancreatic 
tissues, including far more tissues than could be dissected 
and analyzed for mRNA levels by hybridization. Any cell 
type in the animal that secretes into a compartment that 
has access to the circulation can be excluded as having 
significant expression of the elastase-hGH transgene. 

NATURE OF TOE PANCREATIC REGULATORY 
SEQUENCE 

The -205 to +8 region of the elastase I gene that is 
sufficient to direct pancreas-specific expression contains 
the start site of transcription, the promoter and a 25- 
nucleotide sequence recognizably conserved among sev- 
eral pancreas-specific serine protease genes (Figure 11). 
The conserved sequences is likely an important compo- 
nent of the regulatory region. Et is included within a 
region necessary for selective expression of chymotrypsin 
gene constructs in pancreatic acinar cells in culture (16). 
Octanucleotide sequences within the conserved regions 
resemble the core sequence of the SV40 enhancer (15). 
Enhancers have the remarkable ability to stimulate tran- 
scription over long distances of more than 1 kb, in either 
orientation and either upstream or downstream of the 
start site of transcription (25). Our recent results indicate 
that the elastase I regulatory sequence exhibits enhancer- 
like properties in a pancreas-specific manner when tested 
in transgenic mice. 

Cis- acting regulatory information sufficient for pan- 
creas-specific transcription in animals is contained 
within the short elastase I gene sequence between —205 
and +8. Moreover, the transcription of the elastase-hGH 
fusion gene correlates with a pancreas-specific DNase I 
hypersensitive site within the elastase I regulatory region 
(22). DNase I hypersensitive sites are indicative of 
changes in chromatin structure associated with active 
transcription. If pancreas-specific trans-acting factors 
must bind to activate transcription, then this 213 bp 
elastase I gene fragment contains all the necessary infor- 
mation for binding. If pancreas-specific alterations in 
chromatin are necessary to activate the gene, that infor- 

5' Flanking Sequences ■ 

( -120 -98 -31 +1 

TTTCATGTCACCTGTGCTTTTCC TATAAA JU> 

'consensus' 

FlG. 11. Sequences within the 5' -flanking region of the rat elastase 
I gene also conserved within the S'-flanking regions of the chymotryp- 
sin B (12), trypsins I end I! (13) and elastase II (15) genes. Numbering 
begins 1+1) at the start site of elastase gene transcription. The con- 
served region between -120 and -98 conforms to a consensus sequence 
derived from all five of the pancreas- specific serine protease genes. 



mation also must be contained within this narrow up- 
stream gene region. Furthermore, if there are important 
constraints on nuclear architecture, such as positioning 
the active gene at or near the nuclear membrane or in 
association with the nuclear matrix in a pancreas-specific 
manner, then this fragment must contain that informa- 
tion as well. Elucidation of the role of these molecular 
processes remains an important goal in understanding 
the mechanism of pancreatic expression mediated by the 
elastase I regulatory element. 

PROSPECTS 

The elastase I regulatory domain is well-defined, dom- 
inant, cis-acting and capable of directing pancreas-spe- 
cific expression not only of its cognate structural gene, 
but also unrelated genes such as hGH when linked by 
recombinant DNA techniques. The directed expression 
of a transgene permits an experimental approach to 
defining gene functions in animals not previously possi- 
ble. The tissue-specific expression of a transgene permits 
the selective analysis of the effects of aberrant expression 
in a single cell type without pleiotropic effects on the 
development of the transgenic embryo or on the physi- 
ology of the transgenic adult. One dramatic example is 
the tissue-specific oncogenesis directed by the SV40 T- 
antigen gene when linked to tissue-specific regulatory 
sequences. Transgenic mice bearing the T-antigen gene 
with its normal SV40 promoter and regulatory elements 
develop tumors selectively of the choroid plexus, appar- 
ently mirroring the inherent trophic properties of the 
SV40 virus (26, 27). Replacement of the SV40 control 
sequences with those of elastase I redirects T-antigen 
expression and tumor formation selectively to pancreatic 
acinar cells (22). Transgenic mice with the elastase-T- 
antigen fusion gene invariably develop pancreatic acinar 
cell carcinomas in a predictable manner and provide a 
valuable paradigm of tumorigenesis. 

The elastase regulatory region is clearly not unique; 
other tissue-specific genes also have regulatory regions 
seemingly indifferent to the nature of the structural gene 
whose expression they can be made to control. For ex- 
ample, the insulin regulatory region directs T-antigen 
expression and tumor formation selectively to pancreatic 
endocrine cells (28). Immunoglobulin regulatory ele- 
ments similarly direct c-myc oncogene expression and 
tumor formation to lymphocytes (29). The identification 
of regulatory sequences for other tissues (such as those 
of the liver or gut) is likely and would extend this kind 
of analysis to specific functions of other cell types. For 
example, directed expression could test the role of a 
structural protein in the morphogenesis of a tissue, or 
the role of a regulatory enzyme like a protein kinase on 
the control of a cell function such as secretion. Thus, 
continued characterization of cell-specific regulatory se- 
quences should permit the analysis of gene function in a 
direct manner not previously possible. 
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The Hypogonadal Mouse: Reproductive 
Functions Restored by Gene Therapy 

Anthony J. Mason, Sharon L. Pitts, Karoly Nikolics, Eva Szonyi, 
Josiah N. Wilcox, Peter H. Seeburg, Timothy A. Stewart 



TTic hypogonadal (hpg) mouse lacks a complete gonado- 
tropin- releasing hormone (GnRH) gene and consequent- 
ly cannot reproduce. Introduction of an intact GnRH 
gene into the genome of these mutant mice resulted in 
complete reversal of the hypogonadal phenotypc. Trans- 
genic hpg/ hpg homozygotes of both sexes were capable of 
mating and producing offspring. Pituitary and serum 
concentrations of luteinizing hormone, folhcle-stimulat- 
ing hormone, and prolactin were restored to those of 
normal animals. Immunocytochemistry and in situ hy- 
bridization showed that GnRH expression was restored 
in the appropriate hypothalamic neurons of the trans- 
genic hpg animals, an indication of neural-specific expres- 
sion of the introduced gene. 



MICE HOMOZYGOUS FOR THE HYPOGONADAL (hpg) MUTA- 
tion are sexually immature and have arrested germ cell 
development (1). ImmunocytochemicaJ and radioim- 
munoassay measurements (1, 2) have shown that these mice lack 
detectable levels of hypothalamic gonadotropin- releasing hormone 
(GnRH), leading to low levels of luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH). 

As described in the accompanying article (3), the genetic basis for 
this mutation is a deletion of at least 33.5 kilobases encompassing 
the distal half of the gene for the common biosynthetic precursor of 
GnRH and GnRH- associated peptide (GAP) (4, 5). This deletion 
docs not seem to affect the number and location of the GnRH 
neurons in the hpg hypothalamus since messenger RNA (mRNA) 
transcripts from the truncated hpg gene can be detected by in situ 
hybridization in the expected locations of the hpg brain {3). The 
normal architecture of GnRH neurons and neuronal circuitry 
necessary to control the pulsatility and correct amplitude of GnRH 
and GAP (6*) output may therefore not be directly affected by the 
hpg mutation. 

To try and restore a functional hypothalamic-pituitary-gonadal 
axis, we introduced a DNA fragment containing the mouse GnRH 
gene with 5 kb of 5' flanking and 3.5 kb of 3' flanking sequences 
into a wild-type mouse. By a series of matings with hpgl+ hetcrozy- 
gotes, the transgene was introduced into a hpglhpg homozygous 
background. Transgenic hpglhpg homozygotes displayed tissue- 
specific expression of the GnRH transgene, they reached full sexual 
maturity, and were capable of mating and raising healthy litters. 

Introduction of GnRH-GAP gene into hpglhpg homozygotes. 
Since homozygous hpglhpg mice are sterile, we introduced the 
GnRH-GAP gene into the hpglhpg homozygous background as 
oudined in Fig. 1 A. The genotype of each animal from this series of 

1372 



matings was established by Southern genomic DNA hybridization 
with probe 2 (Fig. 1, B and D). This Bam HI-Eco RI fragment, 
which encompasses the 3' breakpoint of the hpg deletion and thus 
does not detect the presence of the transgene, could distinguish 
between genomic DNA from wild-type, hpgl+ y and hpglhpg mice 
(Fig. ID). Sequential hybridization of the same genomic DNA's 
with probe 1, which is specific for intron B and exon III of mouse 
GnRH gene, was used to establish which of the mice contained the 
introduced transgene (Fig. 1, B and C). 

Approximately 200 copies of a gel-purified 13.5-kb Sal I-BstE II 
fragment (Fig. IB) containing the mouse GnRH gene flanked by 5 
kb of upstream and 3.5 kb of downstream sequences were microin- 
jeeted into 250 fertilized wild-type mouse eggs (C57BL/6J x SJL). 
A total of 27 pups were born, of which two were shown to be 
transgenic, each containing more than 20 copies of the transgene. 
To introduce the GnRH gene into a hpgl+ heterozygous back- 
ground, transgenic mice A and B were backcrosscd to hpgf+ 
hetcrozygotes (Fig. 1A). Of the 18 offspring of mouse B, 14 
inherited the transgene. Only 6 of the 30 offspring of transgenic 
mouse A were transgenic. Although this result suggested that the 
germ line of mouse A was mosaic for the transgene, an identical 
copy number of the transgene was maintained in the offspring of 
this mouse. As was expected, approximately half of the offspring 
from the above crosses were hpgl+ hetcrozygotes. 

Mice identified as transgenic hpgl+ hetcrozygotes from both 
families were crossed with either another transgenic hpgl+ hcterozy- 
gotc from the same family or a nontransgenic hpgf+ heterozygote. 
Approximately one-quarter of the offspring from these crosses were 
hpgfhpg homozygotes (see Fig. ID). Of a total of 12 hpglhpg 
homozygotes identified in family B, seven were also transgenic, two 
being males (B-41, B-61) and five females (B-26, B-50, B-66, B-68> 
B-69). A surgical examination of the transgenic hpglhpg homozy- 
gotes and their five nontransgenic hpglhpg homozygous littermates 
revealed that the transgenic mice had well-developed gonads and 
accessory sexual glands com p red to their hpg littermates whose 
gonadal tissue was developmental^ arrested at the prepubertal 
stage. The same results were observed with the A family, in which 
each of seven transgenic hpglhpg homozygotes was sexually mature. 

Mating and pregnancy can occur in transgenic hpg animals. To 
investigate whether the transgenic hpg males were capable of mating 
and fathering offspring, two transgenic hpg males (B-41 and B-61) 
were each paired with a normal female. The females found to have 
vaginal plugs (a sign of successful copulation) were killed and most 
of their eggs were fertilized as seen by microscopic examination. The 
fertilized eggs were transplanted into a pseudopregnant female, and 
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approximately 12 days after transplantation the foster female was 
killed and genomic DNA was extracted from each of the embryos. 
Results of a Southern analysis of this DNA showed that the nine 
embryos fathered by mouse B-41, and ten embryos fathered by 
mouse B-61 were all heterozygous for the hpg allele, thus confirming 
our assignment of B-41 and B-61 as bpglbpg homozygotcs (Fig. IE). 
This experiment demonstrated that the transgenic bpj males were 
capable of correct mating behavior and of fertilizing eggs. 

Transgenic hpg females had also regained their full reproductive 
ability, since three such females from the B family when paired with 
transgenic hetcrozygotc males became pregnant and gave 

birth to healthy liners of between 6 and 11 mice. Analogous 
experiments with mice from the A family showed that the males and 
females were rcproductivcry competent. Offspring from such crosses 
were genotyped and those identified as transgenic b$tb$g homozy- 
gotcs were killed for detailed endocrinological and expression 
studies. 



Gonadal development in transgenic bpgthpg homozygotcs. To 
investigate the extent of gonadal development in the transgenic % 
mice the following study was performed. From the B family, five 
transgenic hpglhpg homozygous females and four transgenic bp£lhfig 
homozygous males approximately 12 weeks old were killed along 
with 10-wcck-old wild-type male and female mice and 8-weck-old 
hpglhpg homozygotcs as controls. The testes, seminal vesicles, 
preputial glands, and adrenals were surgically removed from the 
male mice and weighed. Similarly, the ovaries, uteri, and adrenals 
were removed from the females and their weight was determined 
(Fig. 2A). In the transgenic hpglhpg homozygous males the testes, 
seminal vesicles, and preputial glands had developed to normal size. 
Similar results are seen on comparison of normal ovarian and uterine 
weights in normal and transgenic hpglhpg homozygous females. The 
weights of the ovaries and uteri from transgenic bpg females were 
slightly higher, but not significantly, than those of the normal 
females. The weights of the adrenals of the three groups of male and 
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described assay based on a "conformational" antibody, EM 4 (P). 
This antibody detects only the mature processed form of the 
deca peptide with blocked terminals. GAP was extracted and assayed 
(10) with an antibody (56A) produced against residues 20 to 43 of 
rat GAP. Rat GAP and mouse GAP are essentially identical in the 
region recognized by this antibody, with only one amino acid 
change (3, 4). The results of these experiments are summarized in 
Table 2. 

The overall tissue distribution of GnRH immunoreactivity and 
GAP immuAorcactiviry in the transgenic kpglhpg homozygotes 



resembled that of normal animals. In all tissues found to contain 
GnRH and GAP, GAP levels on a molar basis were always twofold 
higher than that of GnRH. This reflects the ratio of precursor to 
processed hormone, since the GAP antibody can also detect the 
unprocessed GnRH-GAP precursor (11). Brain and testicular con- 
tents of both GnRH and GAP or prohormone in the transgenic hpgl 
h$g homozygous males were within the range of normal levels as 
shown in Table 2. The only major difference between normal and 
transgenic % males was the presence of very low levels of the two 
gene products in the livers of the latter. In females, contents of 
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GnRH and GAP or prohormone in the central nervous system 
(CNS) were close to those of normal animals. Gonadal content of 
the two peptides was slightly less than normal. In the transgenic hpg 
female a low amount of GnRH and GAP was again detected in the 
liver. Liver-specific expression of GnRH and GAP was also demon- 
strated in transgenic hpg animals of the other transgenic line. 
Because of the sensitivity of the radioimmunoassay, we cannot 
discount that an equally tow level of expression is also occurring in 
other tissues. Extremely low levels of GnRH and GAP were 



detected in the kidneys of normal and transgenic hpg males, but only 
GAP was detected in the kidney of transgenic hpg females. The 
finding of GnRH and GAP in the kidney may be attributable to the 
fact that the kidney is the major degradation site for GnRH (12) and 
presumably for GAP. 

Localization of GnRH-GAP neurons in hpg transgenic ani- 
mals. The distribution and density of cells containing GnRH were 
compared between normal and transgenic hpg animals of the A and 
B family by immunocytochemistry and in situ hybridization (Fig. 



Table 1. Serum levels and pituitary content of foUkJe-srimuUting hormone (FSH), luteinizing hormone (LH), and prolactin (PRL) in transgenic 
homorygotcs {Trans, hpg) compared with norma! and hpg control groups. Hormone concentrations were determined by double-antibody radioimmunoassays 
(RIA) as described {26) using materials provided by — — — 



the National Hormone and Pituitary Program, 
N1ADDK, for the corresponding rat hormones. 
These included FSH-RP-2, FSH-I-6, FSH-S-l 1, 
LH-RP-2, LH-I-6, LH-S-9, PRL-RP-3, PRL-I- 
5, and PRL-S-9. The assay sensitivities allowed 
individual determinations of FSH and PRL con- 
centrations in both serum and pituitary and LH in 
pituitary but sera from two animals per group had 
to be pooled to obtain a large enough sample for 
the LH RIA. There were obvious substantial 
differences between males and females for pitu- 
itary FSH, scrum FSH, pituitary LH, and scrum 
prolactin. Hence, these data were analyzed sepa- 
rately for males and females. However, analysis of 
variance with sex and treatment group indicated 
no notable differences between males and females 
for serum LH (P - 0.1032) or pituitary prolactin 
(P = 0.1862). Therefore, males and females were 
combined for the analysis of these data. Two- 
sample t tests were used to compare each pair of 
treatment groups. The P values (unadjusted for 
multiple comparisons) are listed below. These 
were adjusted for the fact that multiple compari- 
sons were being made. Conservatively, Bonfer- 
roni's inequality was used for this adjustment 
(27). Of all the P values listed, only one changed 
from being significant (P = 0.0289) to nonsignif- 
icant as a result of this adjustment. This was in the 
case of serum FSH between normal males com- 
pared to transgenic males, and therefore the dif- 
ference between these groups is questionable. 



Mouse 
genotype 



Serum level 
(ng/ml ± SD) 



Pituitary content 
(ngfpituitary ± SD) 



Male 



Female 



Male 



Female 



Normal 
Trans, to 



Normal 



Normal 



Trans. 



27.957 ±4.809 
3.679 ±1.490 
38.650 ±6.553 



0.42 ±0.12 

<00S 
0.27 ±0.11 



Follidc -stimulating hormone (FSH) * 

12.390 ± 4.430 320.87 ± 66.16 

4.906 ± 1.248 32.59 ± 2.67 

12.332 ± 5.358 332.89 ± 28.59 

Luteinizing hormone (LH)t 

0.48 ±0.18 1168.36 ± 116.04 

<0.05. 79.19 ± 4.53 

0.31 ± 0.09 833.04 ± 41.93 



44.79 
18.75 
33.72 



299.68 
48.52 
152.15 



3.97 
0.17 
1.55 



± 19.89 
± 1.58 
± 11.44 



0.940 ±0.327 
1.753 ±0.720 
0.676 ±0.203 



Prolactin (PRL)t 
2.970 ± 0.800 
1.264 ± 0.461 
2.747 ± 0.267 



3.165 ± 
2.055 ± 
2.700 ± 



0.665 
0.200 
0.210 



3.080 ± 0.230 
2.195 ± 0.086 
2.765 ± 0.405 



*F5H pituitary levels: transgenic hpg females versus normal females (P < 0.00005), both versus hpglbpg homozygota 
(P < 0.00005). Transgenic boa males versus normal males (P = 0.4066), both versus hpglbpg homozygota, 
significance (P < 0.00005). FSH scrum levels: transgenic hpg females versus normal females (P - 0.9898), normal 



(P< 0.00005). Transgenic hpg males versus normal males {P < 0.0OO0S), both versus hpglbpg nonwzy'goccs, 
significance (P < 0.00005). LH scrum levels: transgenic hpg versus norma] (P ■ 0.00002), bom versus hpglbpg 
homorygotcs (P = 0.00005). J PRL pituitary Uvelr. transgenic hpg versus normal (P = 0.0040), normal versus 
hpgfhpg hoiriozygotes (P < 0.00005), transgenic versus hpglbpg homozygotes {P < 0.0055). PRL serum Uvelr. 
transgenic hpg ferrules versus normal females (P = 0.0002), both versus hpglbpg homozygotes (P = 0.00005). 
Transgenic hpg males versus normal males (P = 0.0084), both versus hpglbpg homozygotes, significance 
(P < 0.000OST). 



Table 2. Tissue contents of GnRH and GAP in normal, hpglbpg homozygous, and transgenic hpglhpg homozygous (transgenic hpg) male and female mice. 
Brains from 10-wcck-old normal mice (n - 6), 8- week-old hpg mice (n - 6), and 12 -week-old transgenic hpg mice (n = 5 females, n = 4 males, family B) 
were removed and quickly frozen in liquid nitrogen. The other tissues indicated were obtained from one mouse in each group. Tissues were homogenized and 
extracted as described (9, 10) and the supematams were analyzed by protein assay (28) and GnRH (9) and GAP (10) radioimmunoassays. 



Mouse 






Tissue content (pg/mg)* 








Genotype 


Sex 


Brain 


Gonads 


Adrenals 


Liver 


Kidneys 


Pancreas 


Spleen plus 
thymus 








Gonadotropin-rele 


using hormone (GnRH) 








Normal 


Male 


41.15 ± 3.86 


28.39 ± 4.68 


<0.40 


<0.40 


0.59 ±0.11 


<0.40 


<0.40 


hpg 




<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


Trans, hpg 




35.82 ± 2.89 


26.91 ± 4.85 


<0.40 


1.45 ±0.13 


0.68 ± 0.18 


<0.40 


<0.40 


Normal 


Female 


26.75 ± 2.17 


17.45 ± 1.98 


<0.40 


<0.40 


<0.40 


<0.40 


<0.40 






<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


<0.40 


Trans, hpg 




19.89 ± 1.86 


12.21 ± 0.95 


<0.40 


0.52 ±0.11 


<0.40 


<0.40 


<0.40 








GnRH -associated peptide (GAP) 








Normal 


Male 


432.0 ± 88 


295.0 ± 16 


<10 


<10 


11.2 ±3.3 


<10 


<10 


hp3 




<10 


<10 


<10 


<10 


<10 


<10 


<10 


Trans, hpg 




495.0 ± 83 


366.0 ±93 


<10 


24.0 ±3.4 


15.2 ± 5.4 


<10 


<10 


Normal 


Female 


516.0 ± 181 


368.0 ± 88 


<10 


<10 


<10 


<10 


<10 


hpg 




<10 


<10 


<10 


<10 


<10 


<10 


<10 


Trans, hpg 




385.0 ± 107 


184.0 ±35 


<10 


15.6 ±5.5 


27.0 ±6.9 


<10 


<10 



*Picograms per milligram of protein, means ±SD. 
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3). Transgenic hpglhpg homozygous mice of both sexes showed 
immunoreactivc cells in the medial preoptic and septal nuclei, 
superchiasmatic region of the hypothalamus, the bed nucleus of the 
stria terminal is, the olfactory bulbs, and parolfactory regions. The 
same distribution and approximately the same number of cells was 
seen after in situ hybridization of serial sections to a J3 S-IabcIed 
GnRH-GAP probe. An additional group of cells was noted in the 
paraventricular nucleus (PVN) of the thalamus in transgenic animals 
that was not seen in normal controls (Fig. 3, C and E). Unlike the 
typical GnXH neurons observed in the hypothalamus, the GnRH- 
containing PVN neurons did not display any immunoreactivc 
processes (Fig. 3C). Immunoreactivc cells outnumbered those 
found in the preoptic-septal region and were found concentrated 
along the midline following the curve of the third ventricle from 
beneath the habcnular nucleus and proceeding vcntrally through the 
PVN and the paratenial nucleus. These cells extended ventrally past 
the third ventricle into the bed nucleus of the stria terminals, 
contributing to the increased cell counts in this region. The GnRH 
content of these cells is approximately five times lower than that 
found in other areas of the brain as judged by the intensity of 
immunocytochcmical staining (Fig. 3, B compared to C) and the 
grain densities after in situ hybridization (Fig. 3, D compared to £). 
These results demonstrate that sequence elements present on the 
transgene can direct GnRH synthesis in all the normal neuronal sites 
of GnRH expression as well as the thalamic PVN with high 
specificity. 

Phcnotype of rescued mice demonstrates regulated GnRH 
gene expression. Our results demonstrate that the phenotypic 
effects of the hpg mutation can be reversed by the germ-line 
integration of an intact mouse GnRH-GAP gene contained on a 
13.5-kb DNA fragment. Transgenic animals homozygous for the 
bpg allele developed fully their reproductive functions. Females had 
cstrous cycles and could conceive and carry healthy litters to term. 
Males displayed correct mating behavior. This phenotypic reversal is 
due to the neural-specific as well as developmental!/ regulated 
expression of the GnRH-GAP precursor gene and the subsequent 
restoration of the hypothalamic- pituitary-gonadal axis. It is impor- 
tant to note that the hypothalamic neurons expressing the transgene 
must be correctly controlled in pulsatility and amplitude of GnRH 
release. This control is believed to occur through a complex set of 
neural connections with the GnRH -secreting cells (6). These con- 
nections arc probably not affected by the gene deletion and therefore 
are intact in the hpg mouse or, conversely, arc established as a result 
of embryonal GnRH expression. The importance of this control is 
illustrated by the failure of preoptic area (POA) brain grafts in the 
adult hpg brains to restore normal reproductive functions in the 
mutant- mouse (13, 14). Thus grafted hpg females arc in a constant 
cstrous state and exhibit reflux ovulation (13), and grafted males 
develop near normal-sized testes but display no mating behavior 
(14). The inability of grafted hpg females to maintain cstrous cycles 
indicates that GnRH expression is not being correctly regulated. 
The failure of these males to mate can be traced to a lack of 
testosterone in the neonatal hpg males, the presence of which is 
required for adult mating behavior to ensue (15). The development 
of normal-sized testes was never achieved in grafted males (14) but 
occurred in transgenic males, indicating either a requirement for 
pre- or neonatal GnRH expression for the presence of testicular 
GnRH or GAP (or both). 

As expected from the phcnotype of the rescued mice, immuno- 
cytochcmical and in situ hybridization studies on the brains of 
transgenic animals revealed a normal number of GnRH -containing 
neurons in every brain area previously reported to be a site of GnRH 
expression (16). We have shown (3) that hpg brains contain no 
detectable GnRH by immunocytochemistry but that distinct neu- 



rons in the hypothalamus express an aberrant GnRH mRNA at a 
low level. Our results showing a good overlap of cells positive for 
GnRH expression by in situ hybridization and immunocy- 
tochemistry indicate that the transgene is being expressed in the 
same neurons that also express the aberrant hpg GnRH mRNA. In 
addition, a discrete population of neurons in the PVN of the 
thalamus, which have never been observed to express GnRH, 
exhibited a low level of GnRH expression. Such uncharacteristic 
expression was also observed at a low level in the livers of rescued 
animals. The finding of GnRH expression in cells in PVN of the 
thalamus and in the liver could be explained by the absence of a 
negative regulatory clement in the transgene. Alternatively, the high 
transgene copy number could be titrating out a negative repressor 
present in these cell types. Neither of these sites of expression should 
influence GnRH concentrations in pituitary portal blood. Cells 
from the PVN of thalamus do not extend to the median eminence, 
and any GnRH released from the liver is expected to be rapidly 
degraded by GnRH -degrading enzymes present in peripheral plas- 
ma (17). 

The major finding of our study is that the sequences present on 
the 13.5-kb GnRH genomic fragment arc sufficient to direct 
quantitative GnRH and GAP expression in specific neural areas as 
well as in the testes and ovaries. Such tissue-specific expression has 
been reported for several other genes (18), but our results provide, 
in addition, an example of neural -specific expression in a transgenic 
animal. 

The use of gene replacement to rescue the hpg mutation illustrates 
well the potential uses of gene therapy. Particularly striking is the 
ability to obtain qualitative and quantitative neural- specific expres- 
sion and the consequent restoration of the normal circulating levels 
of the gonadotropins and prolactin. The ability to cure genetic 
defects by gene replacement has been reported in other systems. A 
murine ^-thalassemia was reversed by the introduction of the 
natural human (J-globin gene (19). Attempts to correct a growth 
deficiency in the dwarf little (lit) mouse, by the introduction of the 
human and rat growth hormone genes failed to reverse this defect. 
The use of a heterologous gene fusion (metallothionein-rat growth 
gene) did restore growth to the dwarf mice, but these mice had 
vastly elevated growth hormone levels, and the females were sterile 
(20). 

The approach that we have described above can now be extended 
and used to define the individual roles of GnRH and GAP in 
regulating gonadotropin release and the role of GAP in modulating 
prolactin secretion. This neuroendocrinological issue can be further 
pursued by studying transgenic hpg animals containing a mutated 
GnRH and intact GAP coding sequence and vice versa. 
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The Pig as Organ Donor for Man 

M. Niekrasz, Y. Ye, L.L Rolf, N. Zuhdi, and D.K.C. Cooper 



THE pig requires little space to breed and be raised, is 
easy to feed, the costs of breeding and of mainte- 
nance are relatively low, it produces large litters, and 
therefore large numbers are available for organ donation. 
It grows rapidly, offering organs suitable for even the 
largest of adult humans. Considerable similarities exist 
between certain pig organs and those of man, both ana- 
tomically and physiologically, namely, size, dietary habits, 
digestive physiology, kidney structure and function, respi- 
ratory rate, pulmonary physiology, coronary artery distri- 
bution and hemodynamics, propensity to obesity, suscep- 
tibility to disease, and social behavior. 

The following facts would be of further advantage— the 
pig is suitable for gnoiobiotic rearing and adapts well to 
isolation conditions. Ninety million pigs are slaughtered 
each year in the United States for human consumption, 
which should minimize criticism. 

IMMUNOLOGIC ASPECTS 

1. It is necessary to overcome humoral (vascular) hy- 
peracute rejection by removal of preformed antipig 
antibodies from human plasma prior to transplanta- 
tion or the "neutralization'* of such antibodies at the 
time of transplantation. Plasma exchange or extra- 
corporeal immunoad sorption, as well as antibody 
neutralization, arc under investigation. 

2. Prevention of the further production of antibodies 
might be achieved by immunosuppression with the 
currently available drugs or newer agents such as 
15-deoxyspergualin, possibly in combination with 
antithymocyte globulin or pretransplanl total lym- 
phoid irradiation. 

3. Acute cellular rejection must be overcome using a 
combination of cyclosporine, azathioprine, and 
methylprednisolone. 

4. Blood group incompatibility does not seem to be a 
significant factor, according to available information 
with regard to pig blood groups. 



NONIMMUNOLOGJCAL ASPECTS 

There must be assurance that the pig organ transplanted is 
anatomically and physiologically normal and that no dis- 
ease (infectious or neoplastic) is transferred to the human 
recipient. Transferrable infectious agents and parasites 
(helminths and protozoa) could best be excluded by the 
use of gnoiobiotic animals. Il is not known whether pig 
organs will function satisfactorily in the human metabolic 
"milieu." 

Disease Processes Affecting Major Organs 

The pig heart will be used as an example.' Congenital 
abnormalities include nearly ail the anomalies commonly 

Transplantation Proceedings. Vol 24, No 2 (April), 1992: pp 625-626 



seen in man. They appear in only 0. 1 6% to 0.49% of pigs 
(although in one small study the incidence was over 4%). 
The most common are dysplasia of ihe tricuspid valve, 
atrial and ventricular septal defects, and subaortic steno- 
sis. 

Other cardiac conditions are (1) pericarditis and bacte- 
rial endocarditis (associated with infectious agents), (2) 
other endocardial lesions, (3) hypertrophic and congestive 
cardiomyopathy, (4) myocarditis associated with various 
microorganisms, (5) selenium- vitamin E deficiency cardio- 
myopathy, (6) myocardial necrosis (in porcine stress syn- 
drome and malignant hyperthermia), and (7) myocardial 
injury by various toxins. Rhabdomyoma tosis and athero- 
sclerosis can be encountered, and migrating nematodal 
larvae can also cause myocardial damage. 

Infectious Agents with Zoonotic Potential 

The pig can harbor bacterial, viral, fungal, protozoal, 
and/or helminth organisms. 3 Breeding and raising pigs in a 
germ-free environment 3 appears to be the best available 
solution to the above. Bacterial diseases include erysip- 
elas. Viral infections include influenza, and fungal infec- 
tions include coccidioidomycosis. Other bacterial, viral, 
and fungal agents are relatively uncommon. Ectoparasites 
such as Sdrcoptes scabiei should prove a negligible prob- 
lem. Endoparasites such as Ascaris suum may be a partic- 
ularly difficult helminth to exclude. Toxoplasma gondii 
could also prove to be problematic. 

Neoplasms 

The incidence in the United Slates is low at 0.004%/ 
although the actual incidence would be higher if pigs were 
allowed to survive into middle life. (Over 90% of pigs are 
slaughtered between 4.5 and 6 months of age.) Common 
neoplasms include skin melanoma, malignant lymphoma, 
rhabdomyoma of ihe heart, and embryonal nephroma of 
the urinary system. Malignant lymphoma is possibly (with 
embryonal nephroma) the most common tumor found in 
swine, contributing 46% of all tumors in one survey. It is 
manifested by pronounced enlargement of lymph nodes. 
Embryonal nephroma is relatively common in pigs under 1 
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year of age. but metastases arc uncommon. Melanoma, 
believed to be metastatic from skin primaries, have been 
found in many internal organs, including the heart. Cardiac 
rhabdomyoma are generally nonmalignant. 

Metabolic Compatibility Between Pig and Man 

Will the environmental conditions of the human recipient 
be satisfactory for good function of grafted organs such as 
the liver and kidney? Will the necessary metabolites be 
present to allow normal function? Could minor differ- 
ences, such as pH or serum hormone levels, have unfa- 
vorable effects on graft function? It seems unlikely that 
every enzyme and every factor will have the same struc- 
ture in both species. 

DISCUSSION 

If the immunologic problems can be overcome, the pig 
might prove a satisfactory organ donor for man. Gnotobi- 
otic rearing would probably be required to ensure that 



infectious agents were not transferred. Careful inspection 
of the pig organ for transplantation could exclude both 
congenital abnormalities and neoplastic conditions. The 
pig would provide, however, an unlimited supply of or- 
gans, enabling transplantation to be offered to every suit- 
able recipient on a timely basis. 
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ABSTRACT 

Hunter syndrome is an X-linked lysosomal storage disorder caused by a deficiency of the lysosomal enzyme iduronate-2-sulfatase 
(IDS). The IDS deficiency can be caused by several different types of mutations in the IDS gene. We have performed a molecular and 
mutation analysis of a total of 19 unrelated MPS II patients of different ethnic origin and identified 19 different IDS mutations, 9 of 
which were novel and unique. SSCP analysis followed by DNA sequencing revealed four novel missense mutations: SI43F, associated 
with the 562C->T polymorphism, C184W, D269V and Y348H. Two novel nonsense mutations were found: Y103X (433C-»A) and 
Y234X (826C->G). In two patients two novel minor insertions (42linsA and499insA) were identified. In one patient a complete IDS 
deletion was found, extending from locus DXSl 185 to locus DXS466. © 1998 Wiley- Liss, Inc. 
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ABSTRACT 

Hereditary nonpolyposis colon cancer results from heritable defects in the MLHI, MSH2, PMS1 and PMS2 genes, which encode 
proteins involved in the mismatch repair process. In this work we report the identification of two novel germline mutations in the 
MLH 1 gene from two unrelated HNPCC families. The two affected families do not fulfill the Amsterdam criteria. In family I we found 
a missense S93G mutation, which lies in a MLH 1 domain critical for its MMR functions. In family 2 we found a two nucleotide 
insertion (AG) in position 523 from the AUG which determines an early stop codon at position 606 (codon 203). In both families the 
mutant alleles cosegregate with the cancer phenotype. © 1998 Wiley- Liss, Inc. 
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ABSTRACT 

Mutations in the human tyrosinase gene produce tyrosinase -related oculocutaneous albinism (OCAl, MIM #203100). Tyrosinase is 
a copper containing enzyme and is responsible for catalyzing the rate limiting step in melanin biosynthesis, the hydroxylation of 
tyrosine to dopaquinone. We report 13 new mutations in the tyrosinase gene associated with OCAl A (without pigment) and OCA1B 
(with pigment) including 9 missense mutations (H19Q, R52I. R77C, G97R. C289R, L312V, P313R, F340L and H404P), two non- 
sense mutations (W80X and Rl 16X) and two frameshift mutations (53delG and 223delC). Our previous work has defined clusters of 
missense mutations that appear to represent functional domains of the enzyme, and three of the missense mutations fall into these 
clusters including two (F340L and H404P) that flank the copper B binding site and the missense mutation R52I that is located in the 
amino terminal end cluster of the protein. The G97R missense mutation is the first identified within the epidermal growth factor 
(EGF)-like sequence and the H I9Q missense mutation alters the cleavage site of the signal peptide sequence. Mutational analysis can 
provide a definitive diagnosis of the type of OCA as well as help structure/function analysis. © 1998 Wiley-Liss, Inc. 
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ABSTRACT 

Mutations in the human P gene lead to oculocutaneous albinism type 2 (OCA2, MIM #203200), the most common type of 
albinism in humans. The P gene encodes a 1 10 kDa protein that is associated with melanosomal membranes and contains 12 
potential membrane spanning domains. The specific function of the P protein is currently unknown. We report 7 new mutations 
in the P gene associated with OCA2. This includes 6 missense mutations (S86R, C112F, A368V, T592I, A724P and A787V) 
and one frameshift mutation (1047del7). We also report 8 polymorphisms including one amino acid substitution, D/A257. We 
and others have found many polymorphisms of the P gene in the coding region, several of which result in amino acid substitu- 
tions, making molecular diagnosis problematic. In contrast to this is the tyrosinase gene associated with OCAl, with a limited 
number of polymorphic variations in the coding region. There is also no apparent clustering of P gene missense mutations in 
contrast to the clustering observed by the tyrosinase gene missense mutations that define functional domains of the protein. 
Further mutational analysis is needed to help define the critical functional domains of the P protein and to allow a definitive 
diagnosis of OCA2. © 1998 Wiley-Liss, Inc. 
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ABSTRACT 

Hereditary predisposition to retinoblastoma is caused by germline mutations in the RBI gene. Mutation analysis in this gene is 
important because knowledge of the causative mutation is often required for accurate risk prediction in relatives. We have performed 
RBI gene mutation analysis in 45 patients with hereditary retinoblastoma. Screening by heteroduplex and SSCP analysis resulted in 
the identification of small mutations in 28 (62%) patients. Recurrent mutations, mostly CpG-transitions, were found in 16 patients. 
Two patients with isolated bilateral retinoblastoma showed missense mutations, S567L and C712R, which have previously been 
reported in a patient with bilateral tumors and in a family with low penetrance, respectively. Twelve of the mutations identified here 
have not been reported to date. These include a novel missense mutation, L662R which was identified in two bilaterally affected 
siblings and their mother with unilateral retinoma. © 1998 Wiley-Liss, Inc. 
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Retinoic Acid is a Potent Inhibitor of Inducible 
Pigmentation in Murine and Hamster 
Melanoma Cell Lines 



SethJ. Orlow, M.D.. Ph.D., Ashok K. Chakraborty, Ph.D., and John M. Pawelek, Ph.D. 

Department of Dermatology, Yale University School of Medicine, New Haven, Connecticut, U.S.A. 



Melanocyte-stimulacing hormone (MSH) induces melano- 
genesis in Cloudman mouse melanoma cells. The activities of 
two enzymes in the melanogenesis pathway, tyrosinase and 
dopachrome conversion factor, are increased as part of the 
induction process. Trans retinoic acid (RA), at concentrations 
as low as 0.1 nM, inhibited the induction of tyrosinase, do- 
pachrome conversion factor, and melanogenesis, but had no 
effect on the basal levels of either enzyme or of cellular 
melanin content. Half-maximal effects of RA occurred at a 
concentration of 10 nM; maximal effects were observed at 
1 j/M. The effects of RA on melanogenesis were independent 
of its effects on cellular growth since one Cloudman line 
tested was growth-inhibited by RA and another was growth- 



stimulated by RA, but the induction of melanogenesis by 
MSH in both lines was inhibited by RA. Mixing experiments 
with cell lysates failed to demonstrate the induction of a 
tyrosinase inhibitor by RA. The effects of RA were not lim- 
ited to MSH or to Cloudman melanoma cells since RA 
blocked cholera toxin-inducible melanogenesis in Cloudman 
cells, as well as the induction of tyrosinase activity by L-tyro- 
sine in Bomirski hamster melanoma cells. The effects of RA 
were specific to melanogenesis, however, since RA did not 
interfere with MSH-induced changes in cellular morphology 
and growth. Thus, RA appears to be a new and potent tool for 
understanding mechanisms regulating induction of the pig- 
mentary system. J Invest Dermatol 94: 461-464, 1990 



All-trans-retinoic acid (RA) is reported to inhibit the 
growth of a variety of melanoma cell lines [l -4], but 
conflicting data have been published regarding its ef- 
fects on melanogenesis, ranging from enhancement 
[5,6] to inhibition (6-8). Such studies have exclu- 
sively addressed basal rather than inducible levels of melanogenesis. 

Melanocyte stimulating hormone (MSH), cholera toxin, mcth- 
ylxanthines, and a number of other agents cause increased tyrosinase 
activity and melanin production as well as changes in growth and 
morphology of Cloudman $91 murine melanoma cells (9,10). In at 
least one hamster melanoma line, L-tyrosinc and L-dopa can also 
induce both tyrosinase activity and the appearance of melanosomal 
structures [11]. 

In this report, we show for the first time that RA is a potent 
inhibitor of the induction of the pigmentary pathway by MSH, 
cholera toxin, and L- tyrosine, without affecting the growth and 
morphologic changes induced by these modulators, or the basal 
levels of tyrosinase and dopachrome conversion factor activities 
(DCF). RA should, therefore, be a useful new tool for understand- 
ing inductive regulation of melanogenesis. 



Manuscript received June 14, 1989; accepted for publication November 
14,1989. 

This study was supported by N1H grant 5 T32 AR07016-15. 
Reprint requests to: ScthJ. Orlow, M.D., Ph.D., Department of Derma- 
tology. Yale University School of Medicine, P.O. Box 3333, New Haven, 
CT 06510. 
Abbreviations: 
DCF: dopachrome conversion factor (isomcrase) 
1BMX: isobury) methyl xanthine 
MSH: mclanocytc-stimulating hormone 
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MATERIALS AND METHODS 

Cell Culture The murine melanoma lines Cloudman S91 wt and 
ins** and the hamster melanoma line Bomirski AbCl and condi- 
tions for their culture have been described previously (9,1 1,12]. All 
were maintained in Ham's F-10 medium containing 10% horse 
serum. RA was obtained from Sigma Chemicals (St. Louis, MO), 
dissolved at 10~ 2 M in DMSO, and kept in foil-wrapped containers 
protected from light. Cells were plated from 12 to 24 h in plain 
culture medium prior to any experimental additions. At the end of 
treatment, cells were removed from the substratum by incubation 
with Joklik's buffer containing ethylenediaminetctraacctic acid 
(1 mM), counted with a Coulter counter and pelleted by centrifuga- 
tion. 

Tyrosinase and DCF Assay Cell pellets were lysed in sodium 
phosphate buffer (0.1 M> pH 6.8) containing Triton X-100 (1%), 
or stored at — 70* C and lysed later. Results were the same whether 
or not cells had been frozen. The radiometric determination of 
tyrosinase activity and the spectrophoto metric assay of DCF activity 
were performed as previously described [13,14]. In brief, for tyro- 
sinase determinations, 0.1 ml of cell extract was incubated with 
0.01 ml containing 1 jiC'i L-tyrosine [ring-3,5- 3 H] (NEN/Dupont, 
Wilmington, DE; specific activity 50 Ci/mmol) and 5 /tg L-dopa in 
sodium phosphate buffer (0.1 M, pH 6.8) containing Triton X-100 
(1%) for 20-60 min at 37 # C. One ml of activated charcoal 
(10% w/v)in0.1 M citric acid was then added and specimens were 
centrifuged for 10 min at 2000 X g at 4*C. The supernatant* were 
applied to 0.2 ml columns of Dowex 50 equilibrated in 0.1 M citric 
acid, washed with 0.5 ml 0. 1 M citric acid, and the effluent counted 
by scintillation spectrometry for the formation of 3 H a O. DCF was 
assayed by adding 0.1 ml of cell extract to 0.5 ml of dopachrome 
(~0.5 mg/ml) [ 14] and following the disappearance of absorption at 
475 nm. Phenylthiourea (1 mM) was included in DCF assays to 
inhibit endogenous tyrosinase, which can interfere with the assay. 
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Figure t. Effects of cholera toxin and RA on cell pigmentation. The cell* 
ihown were removed from the substratum with Tyrodc's buffer containing 
1 mM ethylenedinamincretraacetic acid and pelleted by centrifugation/1: no 
additions; B: RA (1 /iM); C: cholera toxin (0.1 nM); D: RA and cholera 



Percent conversion was determined by the following equation: 
f A 05 buffer — A 47 i sample 



% conversion 



(' 

:ion — I - 



A 475 starting 
RESULTS 



X 100. 



Cloudman melanoma cells growing in Ham's F- 10 medium exhibit 
a morphology intermediate between polygonal and spindle shaped. 
Incubation of cells in the presence of cholera toxin (0.1 nM) caused 
cells to flatten considerably, and to arborize. Inclusion of only trans 
rctinoic acid (1 /iM) mildly increased the bipolar spindle phenocypc 
of the cells > but had no apparent morphologic effect on cholera 
toxin-treated cells (data not shown). Surprisingly, however, rcti- 
noic acid had marked effects on the pigmentation of the cells (Fig 1). 
Cells grown in the presence or absence of rctinoic acid alone were 
amclanotic, but those incubated with cholera toxin alone were 
heavily melanized. Rctinoic acid almost totally inhibited this effect. 
Pigmentation of ceils induced by 200 nM fi-hASH was also inhib- 
ited by RA (1 pM) (not shown). 

These results were reflected in changes in both tyrosinase and 
dopachrome conversion factor activities. When wild-type Cloud- 
man melanoma cells were grown in Ham's F-10 containing 10% 
horse scrum, little or no tyrosinase activity could be detected (Table 
1). Incubation of cells for 48 h with 0-MSH (200 nM) or cholera 
toxin (0.1 nM) caused a marked stimulation in tyrosinase activity 




Time (minutes) 

Figure 2. Effects of RA on dopachrome conversion factor activity CelU 
were treated for 48 h in the abicnce or presence of MSH (200 nM) or cholera 
toxin (0.1 nM) and RA (I |iM). Cell pellets were extracted as described^ 
Materials and Methods, proteins determined, and an aliquot containing 0 1 me 
protein assayed in duplicate for DCF as described in Mattruis and Method 
Shown are the averages of duplicate determinations a teach time point which 
differed by no more than 10%. The experiment was repeated rwice with 
identical results. 

(Table I). Inclusion of RA (1 /iM) resulted in a 94% inhibition of the 
MSH-induced stimulation of tyrosinase, and a 77% inhibition of 
that due to cholera toxin (Table I). These differences were highly 
statistically significant (p < 0.001). The conversion of dopachrome 
to dihydroxyindole-2-carboxylic acid, which is catalyzed by DCF, 
was also stimulated by MSH and cholera toxin ([15] and Fig 2). RA 
(1 /iM) inhibited the DCF stimulation, without affectine basal 
DCF activity (Fig 2). 

The inhibition of tyrosinase stimulation by /^MSH was dose 
dependent. Effects were detectable at RA concentrations as low as 
0.1 nM. Half-maximal inhibition was seen at approximately 10 nM 
and maxima) inhibition was seen at 1 ^M (Fig 3). Similar results 
were observed with the ins*? Cloudman melanoma line (Table 1, 
bottom). RA was also able to inhibit the stimulation of tyrosinase by 
isobutyl methyl xanthine (I00//M). 

The results in Fig 4 demonstrate that if the interval between the 
time of addition of fi-MSH and RA was varied, the inhibitory effects 
of RA on the stimulation of tyrosinase and DCF activities were 
diminished. However, even when added 8 h after the MSH, 57% of 
the maximal inhibition of induction of tyrosinase activity, and 33% 
of the inhibition of DCF, could still be seen at 1 //M RA. While 



Table I. Effect of Rctinoic Acid 



Treatment* 



Color of Pellet 



Induction of pigmentation and tyrosinase activicy in wild-type cells 
Control (0.01% DMSO) 
RA(l/iM) 
MSH (200 nM) 
MSH (200 nM) + RA (1 /iM) 
CT(0.1 nM) 

CT(0.1 nM) -f RA (1 ftM) 


white 

white 

gray 

white 

gray-black 

light-gray 


©±0^ 
0±0j 
6,108 ±3021 
401 ± 76j 
17,1 15 ±6941 
4,070 ± 183j 


NS' 

p< 0.001 
p< 0.001 


Induction of tyrosinase activity in ins*? cells 
Control (0.01% DMSO) 
RA(10^M) 
MSH (200 nM) 
IBMX (100 /iM) 

MSH (200 nM) + IBMX (100 /iM) 

MSH (200 nM) + IBMX (100 /iM) + RA (10/iM) 


white 

white 

tan 

white 

dark gray 

white 


221' 
274 
2.611 
605 
11.285 
1,608 





"Cells were treated for 48 h. 
*cpm »H,0 rcleascd/S X 10> celli/h. 

'Numbers shown aie the averages of triplicate determinations ± SD. 

IMumbers ihown arc the averages of duplicate determinations which differed by lew than 15%. 
*NS «= difference nor statistically significant by Student paired t test. 
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Figurc 3. Dose dependence of the inhibition of tyrosinase stimulation by 
RA. Cells were treated for 48 h with MSH (200 nM) and the indicated 
concentrations of RA. Tyrosinase activity was assayed as described in Mete- 
rials and Methods. Points represent the averages of triplicate determi nations, 
which differed by leu than 15%. Results from three separate experiments 
spanning the range from lO' 10 to 10~* M are shown. The curve was gener- 
ated by an Apple statistical best-fit program. The different symbols represent 
the three overlapping ranges tested (•. 10~"\ to 10"' M; O. S X 1 0" - * to 
10"* M; 5 X 10-' ro 10" 4 M). 



retinoic acid is growth inhibitory to the wild- type Cloudman mela- 
noma line, it is actually growth stimulatory in concentrations up to 
3.3 //M to the ins** line (Table II). The differences berwecn control 
cultures and those treated with RA were significantly different at alt 
concentrations shown (p < 0.001). Therefore, because RA is inhib- 
itory for induced mclanogenesis in both cell lines, such effects are 
apparently independent of its effects on cellular growth. 

The RA inhibition of induced mclanogenesis was not specific to 
fl-MSH or cholera toxin, nor a peculiarity of the Cloudman mela- 
noma line. Treatment of Bomirski AbCl hamster melanoma cells 
for 48 h with MSH resulted in a fivefold increase in tyrosinase . 
activity (Table III). Also, incubation of the Bomirski cells with 
100 pM L-tyrosine supplemented to the medium caused a sixteen- 
fold stimulation in tyrosinase activity. RA (1 /iM) caused a 60% and 
73% reduction, respectively, in these stimulations. These results 
were highly statistically significant (p < 0.001). 

Mixing experiments were performed to determine whether RA 
might stimulate the production of a tyrosinase inhibitor. Aliquots 
from treated and untreated cells were mixed in the indicated pro- 
portions and tyrosinase determined. When the values expected on 
the basis of the arithmetic average of the volumes of the individual 
samples assayed were compared with the actual values obtained 
experimentally, no difference was seen, suggesting that no tyrosin- 
ase inhibitor was present (Table III). For example, a comparison of 
lines 7 and 8 in Table HI shows that inclusion of extract from a 
RA- treated cell did not result in any statistically significant diminu- 
tion in tyrosinase activity. 




(0 hi.) (.5 hr.) (l nr.) (4 nr.) (8 nr.) 

Figure 4. Time dependence of RA effects. Cells were treated with or with- 
out MSH (200 nM) for 48 h. RA ( I ^M) was added either at the same time or 
the indicated number of hours later. Tyrosinase and DCF activities were 
assayed as described in Materials and Methods. 



DISCUSSION 

The results demonstrate that all -trans- retinoic acid is a potent inhib- 
itor of the induction of two enzyme activities involved in the mel- 
anogenesis pathway, tyrosinase and DCF, as well as new melanin- 
formation elicited by MSH, cholera toxin, or IBMX. The effects of 
RA on the induction of melanogenesis by MSH and cholera toxin 
do not extend to changes in morphology and growth caused by 
these two agents. Half-maximal effects of RA on induced melano- 
genesis were obtained at concentrations of 10 nM. Although most 
of our studies were with Cloudman mouse melanoma cells, similar 
results were obtained with the induction of tyrosinase activity and 
melanin formation by MSH and L-tyrosine in Bomirski hamster 
melanoma cells. 

It has recently been shown that RA receptors appear to modulate 
transcription, akin to the action of steroid receptors [16]. It is thus 
tempting to speculate that tyrosinase and dopachrome conversion 
factor are in some fashion transcriptionally regulated by RA. How- 
ever, because only a fraction of the elevated tyrosinase activity in 
response to MSH seems to be regulated at the transcriptional level 
[17,18], other models for the action of RA in preventing induced 
mclanogenesis need consideration. RA should prove to be a useful 
tool for a number of studies on the regulation of melanogenesis. Its 
specificity for the reversal of the pigmentary effects of MSH and 
cholera toxin without reversing their growth inhibitory effects may 
shed light on the transduction of the signal for stimulation of pig- 
mentation in response to such stimuli. 

The formation of melanin occurs in mclanosomcs, which are 
believed to be the product of the fusion of coated vesicles containing 
the enzymes responsible for melanization with organelles contain- 
ing melanosomal structural proteins (sec 1 19] for review). Studies 
are underway to determine whether RA inhibits only the induction 
of tyrosinase and DCF activities, or whether the structural protein 



Tabic II. Effect of RA on Growth of Cloudman Melanoma Lines 



Treatment - 


Cloudman S9I Wild-Type 




Cloudman ins** 




Number of Cells* (X 10 5 ) 


% Control 


Number of Cells (X 10 s ) 


% Control 


None (DMSO 0.01%) 


4.8 ±0.06 


100 


4.8 ± 0.01 


100 


RA3.8X10~ 7 M 


3.5 ± 0.01 


73 


7.2 ± 0.02 


150 


RA1.1X10~*M 


2.9 ±0.01 


61 


7.0 ± 0.02 


146 


RA 3.3 X 10'* M 


2.8 ± 0.01 


58 


5.5 ±0.01 


115 


RA 1.0X10-*M 


2.6 ± 0.01 


50 


4.6 ± 0.01 


96 



•Celli were treated for 72 h. 

Triplicaie cultures were counted and averaged. Tht p value for all samples compared to untreated control (DMSO 0.01%) b p < 0.001. 
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Table III. Inhibition of Tyrosinase Activity Induction in Bominki Hamster Melanoma 

Treatment* Tyrosinase Activity 4 (Expected) Cell Pellet Color 



1. 0(0.01%DMSO)(l00p1)' 

2. RA(lpM) (lOOpl) 

3. MSH i200nM)(100pl) 

4. MSH (200 nM + RA (1 pM) (lOOpl) 

5. L-ryr(l00pM)(l00pl) 

6. L-tyr (100 /iM) + RA (1 pM) (100/il) 
Mixing experiments 

7. 25 pi #5 + 75 pi #1 

8. 25 pi #5 + 75 pi #2 

9. 25 pi #5 + 75pl #6 
10. 25 pi #5 + 75 pi buffer 



•Cell* were trcitcd for 48 h. 
»cpm >H,0/2.5 X 10* celli/h. 
'Averjges of triplicate determinations ± SD. 
'Volume of cell extract assayed. 
•Difference not mmtically lignincant. 



± 177] w **' 



747 ±39* 
744 

3631 ±731 <00Q1 
1883 ±67)P < 0 001 
12036 ± 8631 n<0 00 . 
3864 ±60l|P < 0 001 



3725 ± 7451 NS 
4143± t44j WA 
6401 ± 350 
3402 ±317 



(3569) 
(3567) 
(5907) 
(3009) 



white 

white 

white 

white 

gray-black 

white 



>athway and the formation of mature melanosomes is also affected 
>y this retinoid. 
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The Biogeimesos ©ff IMlelainiosQmes 

SETH J. ORLOW 



The granular nature of pigment— for example, within hair 
shafts — was recognized as soon as pigmented tissues were sub- 
jected to examination by the light microscope. Concurrently, re- 
searchers recognized a key role for the enzyme tyrosinase in the 
synthesis of melanin. By 1945, Hermann and Boss found that 
tyrosinase isolated from the ciliary body of the eye was particu- 
late in nature (Hermann & Boss. 1945). Subsequently, Fitz- 
patrick and colleagues (Fitzpatrick et aL 1950) noted the gran- 
ular brown nature of newly formed tyrosine-melanin. 

The advent of the electron microscope in the 1950s resulted 
in a veritable explosion of descriptions of the now visible gran- 
ules within melanocytes and melanoma cells (Barishak et aL t 
1961; Bamicot & Birbeck. 1958; Birbeck & Barnicot, 1959* 
Charles & Ingram, 1959; Clark & Hibbs, 1958; Dalton & Felix! 
1953, 1956; Drochmans, 1960; Hu, R & Cardell, 1962, 1964; 
Hu, F. & Lesney, 1963; Wellings & Siegel, 1959; Wellings et 
aL t i960; Zelickson & Hartman. 1961). Bamicot and Birbeck 
noted the resemblance of the melanocyte pigmentary system to 
those seen in secretory cells (Bamicot & Birbeck, 1958). They 
also noted an apparent sequential maturation of the melanin 
granules within the cell. Although early descriptions of melanin 
granules differed among the many investigators studying a wide 
variety of tissues, a coherent picture of the melanin granule be- 
gan to emerge nonetheless. Our understanding of the nature of 
this granule was advanced substantially by a pioneering series 
of studies by Seiji and colleagues, who combined electron mi- 
croscopy with newly developed techniques for subcellular frac- 
tionation and biochemical determination (Seiji et aL 1961). 
They termed the pigment granule the "melanosome," and delin- 
eated four stages in its maturation (Birbeck, 1963; Seiji et aL 
1961, 1963). The first stage, Stage I, was a spherical vacuole 
with poorly organized internal structure. Elliptical Stage II me- 
lanosomes demonstrated evidence of a well-organized internal 
structure, or matrix, within the organelle. By Stage in, the regu- 
lar and periodic deposition of electron-opaque melanin was evi- 
dent upon this matrix. Stage IV melanosomes were so mela- 
nized that the melanin deposited within them obscured all 
internal structure. 



CURRENT CONCEPTS 

The Origin of Premelanosomes 

A point of origin for premelanosomes could be deduced by 
electron microscopy. Conclusions as to this cellular point of ori- 
gin were based on the proximity of premelanosomes to particu- 
lar intracellular structures as well as the presence of apparent 
contiguities between premelanosomes and different subcellular 



structures upon serial sections examined by electron micros- 
copy. It was generally agreed that premelanosomes appear to 
arise from smooth membranous structures, and numerous re- 
searchers deduced that these saccular structures represented en- 
doplasmic reticulum or even nuclear membrane (which is con- 
tiguous with the ER) (Eppig & Dumont, 1972; Hirobe, 1982; 
Ide, 1972; Jimbow et aL 1979; Maul, 1969; Maul & Brum- 
baugh, 1971; Stanka, 1971; Stanka et aL 1981). This area was 
also therefore referred to as the "condensing vacuole." Within 
these saccules, which were described as anastomosing and bud- 
ding like a cactus plant (Allegra, 1974), internal matrix con- 
densed from amorphous filamentous material to an organized 
structure resembling barrel staves when viewed along the long 
axis of the organelle (Fig. 6-1). 

The nature of the internal rnelanosomal matrix was subjected 
to examination by a number of investigators (Hearing et aL, 
1973; Lutzner & Lowrie, 1972; Moyer, 1963). In some views', 
the matrix appeared to be composed of filaments arranged par- 
allel to or perpendicular to the. long axis of the melanosome. 
However, on cross section, many investigators noted the pres- 
ence of spiral elements, suggesting that the matrix was not due 
to the presence of "two dimensional" filaments, but, rather, to 
the existence of sheets or lamellae rolled upon themselves like a 
"jelly roil." 



A Role for the GoSgG Apparatus 

A major advance in the analysis of the biogenesis of melano- 
somes came from the ability to stain tissues and cultured cells 
histochemically for the DOPA oxidase activity of tyrosinase it- 
self (Mishima, 1994; Novikoff et ai t 1968; Stanka, 1970). It 
was found that upon incubation of fixed tissue sections with the 
melanin precursor DOPA, an electron-opaque melanin would 
be deposited. Surprisingly, in addition to deposition within me- 
lanosomes, DOPA-melanin deposition was also noted in the 
area of the cell called GERL (Golgi-endoplasmic reticulum- 
lysosomes) (Novikoff et ai. t 1968), now generally referred to as 
the trans-Golgi network (TGN), as well as in nearby small vesi- 
cles (Maul, 1969; Maul & Brumbaugh, 197 1) (Fig. 6-2). Immu- 
noelectron microscopy performed to localize tyrosinase protein 
confirmed the presence of the enzyme in the TGN saccules and 
in the adjacent vesicles (Yamamoto & Takeuchi, 1981). Al- 
though Stage HI melanosomes routinely darkened upon DOPA 
incubation (and Stage IV melanosomes were already fully 
melanized), only a subset of Stage II organelles showed evi- 
dence of melanin deposition with this procedure. This sequen- 
tial maturation of melanosomes was subsequently confirmed by 
studying the changes in melanosome structure and content dur- 
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Fig. 6-1. Human melanocyte exhibiting the various stages (1-4) in the development of the melano- 
some. Stage 1 — a relatively spherical organelle with matrix materia! (i.e., filaments) beginning to assem- 
ble; Stage 2 — an oval-shaped organelle containing an organized internal matrix without the appearance 
of melanin; Stage 3 — an organelle exhibiting deposition of melanin on the matrix; and Stage 4 — an or- 
ganelle completely filled with melanin. N, nucleus; SER, smooth endosplasmic reticulum; G. Golgi ap- 
paratus; C, ccntriolc. Bar, 1 .0 ixm. [Illustration courtesy of R. E. BoissyJ 




Fig. 6-2. Human melanocyte processed for DOPA histocytochemistry demonstrating electron dense 
reaction product in the trans most cisternae of the Golgi apparatus (arrowheads), vesicles emigrating 
from the trans-Golgi network (arrows), and early stage (1-2) melanosomes (open arrows). N, nucleus; 
SER. smooth endoplasmic reticulum; G, Golgi apparatus. Bar, 1.0 u.m. (Illustration courtesy of R. E. 
Boissy.) 
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The Biogenesis 

ing development I ly regulated melanogenesis in mice (Hirobe, 
1982; Hirobe & Takeuchi, 1977, 1978; Ide, 1972; Quevedo & 
Fleischmann, 1980). 

Thus arose the currently accepted bipartite theory of mela- 
nosome biogenesis (Jiinbow et al, 1976, 1979). Tyrosina.se- 
charged vesicles, budding off the trans-Golgi network, fuse 
with smooth-ER-derived premelanosomes (Stage I — II melano- 
somes), thereby initiating the actual process of melanization. It 
was hypothesized that it would be advantageous to the melano- 
cyte to restrict melanin deposition to the intramelanosomai 
compartment, thereby protecting the cell from the deleterious 
effects of toxic reactive oxygen species generated upon melani- 
zation (Hochstein & Cohen, 1963; Riley, 1970). 

Mishima and coworkers explored in detail the role of vesicles 
in rnelanosome hiogenesis (Chakraborty et a!., 1989; Mishima 
& Imokawa, 1983; Mojamdar et al, 1979). They showed that 
Golgi apparati isolated from melanoma cells could be incubated 
with DOPA, resulting in the formation of melanin- filled tyrosi- 
nase-containing vesicles that could be isolated based on their 
high density. They also isolated coated vesicles from melanoma 
cells using techniques developed for the purification of those 
structures from brain tissue (Chakraborty et al, 1989). They 
found that the specific activity of tyrosinase in these vesicles 
was quite high, in keeping with their putative role as specific 
carriers of the enzyme to the rnelanosome. Furthermore, they 
showed that such vesicles contained other enzymes thai may be 
involved in melanization, including glutathione S-transferase, 
and, in addition, monomeric melanin precursor molecules such 
as dihydroxyindoie-2-carboxylic acid (DHICA) (Chakraborty 
et ai, 1989). Thus, such vesicles contain not only some of the 
enzymes necessary to synthesize melanin, but appear to contain 
certain melanogenic intermediates, as well. The fact that, never- 
theless, melanin is not actually deposited in these vesicles sug- 
gests the presence of additional factors that may prevent true 




Fig. $-0. Murine melanoma cell imrnunocytochernically process us- 
ing (A) PEP1 recognizing the carboxy terminus and (B) PEP2 recogniz- 
ing the amino terminus of TRP-1. The gold-panicle associate labeling 
appears predominantly on the cytoplasmic side using PEP1 (arrow- 
heads in A) and the cisternal side using PEP2 (arrowheads in B) of the 
limiting membrane of the rnelanosome. This data is consistent with the 
prediction that the carboxy end of the putative transmembrane TRP-1 
molecule protrudes into the cytoplasm of the cell as the amino end ex- 
ists within the rnelanosome proper. Bars. 0.2 jim. [Illustration courtesy 
of R. E. Boissy.J 
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melanogenesis until the vesicle contents fuse with a Stage II 
rnelanosome. 



Veslculoglobular Bodies 

Jimbow and colleagues carefully described the presence within 
melanosomes of membrane-bounded vesicles of about 40 nm in 
diameter, which they termed "vesiculoglobular bodies" (Jim- 
bow & Fitzpatrick, 1974; Jimbow & Kukita, 1970). Others had 
noted such structures previously (Durrer & Villiger, 1 967; Tou- 
simis, 1963). These vesicles appeared to be within die rnelano- 
some, often between the melanosomal membrane and the ma- 
trix, and sometimes apparently associated with the matrix 
lamellae themselves (Jimbow et al., 1979). The centers of these 
vesicles failed to melanize, so that their presence in otherwise 
melanizcd Stage IV melanosomes lends those organelles the ap- 
pearance of black "Swiss cheese" on high-resolution examina- 
tion (Jimbow & Fitzpatrick, 1974). 

The evidence seems to support the contention that these 
vesiculoglobular bodies represent the internalization by inyer-. 
sion of the coated vesicles carrying tyrosinase, a transmenv 
brane protein, following their uncoating at the time of fusion 
with premelanosomes (Jimbow et ui, 1979; Maul & Brum- 
baugh, 1971; Stanka, 1 97 1 ; Turner et al, 1 975). 



The Vesicular Pathway: 

The TRP Family and the Silver Locus Protein 

As noted above, it has long been recognized that tyrosinase 
traffics to melanosomes via coated vesicles. Subsequently, two 
other members of the tyrosinase gene family, tyrosinase-related 
protein-1 (TRP-1) (Jackson, 1988) and tyrosinase-related pro- 
tein-2 (TRP-2) (Jackson et ai, 1992). were identified. Subcellu- 
lar fractionation studies support the presence of both TRP-1 and 
TRP-2 in the vesicular fraction, as well as in melanosomes 
(Chakraborty et al. t 1989; Donatien & Orlow, 1995). Given the 
homology between the members of this gene family, that find- 
ing was not at all surprising. All three proteins are type 1 mem- 
brane proteins, with long intralumenal amino-terminal do- 
mains, single transmembrane domains, and short cytosolic 
carboxyterminal tails. This orientation within the membrane 
has been formally proven for TRP-1 by tmmunogold localiza- 
tion at the ultrastructural level (Orlow et al, 1993) (Fig. 6-3). It 
is believed that these cytosolic tails are critical for proper 
trafficking of these proteins to melanosomes (see "Signals Di- 
recting Melanosomal Trafficking"). 

A fourth protein that appears to traffic to melanosomes via 
the same vesicular pathway has also recently been identified 
and is encoded by the murine silver locus (Zhou et al, 1994). It 
is the antigen recognized by numerous monoclonal antibodies 
raised against human melanomas, including HMB45, HMB50, 
NKI/beteb, and ME20(Adema 1993, 1 994; Maresh et al, 
1994). This protein is distantly related to the TRP family 
(Kwon, 1993). Despite its predicted sequence, suggesting that 
at least one isoform is a type I membrane protein, most studies 
examining the subcellular localization of the murine and human 
proteins have found it to be associated with the melanosomal 
internal matrix (Donatien & Orlow, 1995; Zhou et al, 1994). 
Unlike the TRP family members, at least one form of this pro- 
tein partitions into the aqueous rather than the detergent phase 




Fig. 6-4. Organelle scanning. Immunoblotting analysis of wild-type and si extracts. Equal quantities 
of protein (20 u.g) from postnuclear supematams of melan-a (a) and melan-si-1 (si) cells were subjected 
to SDS/PAGE and immunoblotting with the indicated antisera. A: aWM, aniiserum to whole melano- 
somes. B: aTXA, antiserum to the aqueous phase of phase-separated, Triton X-l 14-soIuble raelanoso- 
mal proteins C* aTXD, antiserum to the detergent-soluble phase of phase-separated, Triton X- 1 14-sol- 
uble melanosomal proteins. D: aTYR, anti-peptide antiserum (aPEP7) to the carboxyl terminus of 
murine tyrosinase. E: aPEP13, anU-peptide antiserum to the predicted carboxyl terminus of the si locus 
gene product. The arrow indicates on 85-kOa antigen absent from melan-si- 1 extracts when analyzed by 
both aTXA and oPEP13 antisera. Numbers at the left indicated the migration of markers of known mol- 
ecular size (in kDa). [Reproduced from Zhou et of.. PNAS (1994), with permission.] 



upon phase separation following solubilization with the non- 
ionic detergent Triton X-114 (Zhou et aU 1994) (Fig. 6-4). Fur- 
thermore, several researchers have detected soluble secreted 
forms of this protein in cultured melanoma cells (Maresh et al., 
1994). The silver locus protein appears to interact closely and 
specifically with melanin during its deposition; the protein be- 
comes selectively incorporated into the nascent melanin poly- 
mer rapidly upon the initiation of melanization in vivo and w 
vitro (Donatien & Orlow, 1995). 

Nonetheless, since a well-organized matrix is evident prior to 
fusion of premelanosomes with the vesicles that would contain 
the silver locus protein, it is highly unlikely that this protein 
represents the basic structural clement of the melanosomal ma- 
trix. Rather, it might be better envisioned as a nucleation point 
for the attachment of the developing melanin deposits with the 
organelle. 



The Pink-Eyed Dilution Gene 
and Melanosome Biogenesis 

Fifty years ago, Russell (1949) noted by light microscopy that 
the pigment granules in the hairs of mice homozygous for the 
pink-eyed dilution (p) mutation were small and shredlike. 
Some (but not all) investigators in the 1960s and 1970s found 
abnormalities in the structure of melanosomes in the eyes and 
skins of p mice by electron microscopy (Hearing et al., 1973; 
Moyer, 1963, 1966; Rittenhouse. 1968). Among these descrip- 



tions are ones by Moyer (1963 t 1966) and Rittenhouse (1968) 
which note that the matrix of p melanosomes appeared disorga- 
nized and that the melanosomes themselves were small. Re- 
cently, preliminary results were reported by Boissy and col- 
leagues (Zhao et aL, 1995), who examined melanocytes 
cultured from persons with OCA2 (now known to be due to 
mutations in the human homolog of the murine p gene 
(Durham-Pierre et al, 1994; Lee et al, 1994; Rinchik et aL, 
1993; Spritz et aL, 1995). They, too, noted an abnormality in 
melanosome shape, matrix disorganization, and a diminution in 
the number of melanized melanosomes. Taken together with the 
finding that melanocytes cultured from p-w\x\\ mice exhibit a 
marked diminution in melanosome size (Rosemblat et aL, 
1 996), the data support the conclusion that the p gene product is 
critical for proper melanosome biogenesis and structure. 

As mentioned above, the currently accepted model for mela- 
nosome biogenesis invokes a bipartite pathway, in which pre- 
melanosomes containing a lamellar matrix bud from the smooth 
endoplasmic reticulum and fuse with vesicles derived from the 
trans-Goigi network and charged with members of the TRP 
family (Jimbow et aL, 1976). It is the fusion of these structural 
and enzymatic elements that initiates the process of melanogen- 
esis. Previous results from my laboratory (Rosemblat et aL, 
1994) have demonstrated that the p protein appears to be in- 
serted directly into premelanosomes, bypassing the TGN- 
derived vesicles. Furthermore, evidence for Asn-linked glyco 
sylation of the p protein could not be detected, also consistent 
with the behavior of a protein that bypasses the Golgi appara- 
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lus. li the p protein is indeed a premelanosomal component, one 
can readily imagine that the absence of this protein might se- 
verely compromise the ability of the melanocyte to properly 
construct a melanosome. 

Recent evidence also suggests thai the p protein may interact 
specifically with melanin, becoming progressively more insolu- 
ble upon melanin deposition (Donatien & Orlow, 1995). It is 
certainly possible that the p protein may serve to link the in- 
trametanosomal matrix to the melanosoinal membrane, since 
the two always grow in concert. Diminished levels of tyrosinase 
activity (Chiu et aL 1993) and protein (Chiu et aL 1993) have 
been found in p mutant mouse tissues in the past. The p ua muta- 
tion, which is due to an in-frame tandem duplication affecting 
the second through the seventh predicted transmembrane do- 
mains (Oakey et aL, 1996), results in a marked diminution in 
levels of the TRP family iu the ocular tissues of affected neona- 
tal mice homozygous for the mutation (Chiu et aL, 1993). Fur- 
thermore, the high-molecular-weight forms of TRP family 
members were also diminished in these mice, perhaps the result 
of diminished stability (Chiu et aL, 1993; Lamoreux et aL, 
1995). Culture of cells from j>-null mutant mice in tyrosine re- 
sults in increased melanization, as well as increased levels of 
tyrosinase and the levels of certain melanosomal matrix pro- 
teins (Rosemblat et aL, 1998). This effect appears to be at the 
protein level, since levels of mRNA for tyrosinase are the same 
before and after tyrosine stimulation (Rosemblat et aL, 1998). 
In addition to its effects on melanosomal proteins, tyrosine 
stimulation of p-null melanocytes upregulates cellular melani- 
zation, and melanosome number and structure (Rosemblat et 
aL, 1998). This augmentation of melanization by tyrosine has 
been taken as supportive of a role for the p protein as a tyrosine 
transporter. Certainly, the predicted secondary structure of the p 
protein is in keeping with a channel or transporter (Gardner et 
aL, 1992; Rinchik etaL, 1993). It is possible that high intrame- 
lanosomal tyrosine levels stabilize the matrix and hence the 
structure of melanosomes, as well as of tyrosinase when it ar- 
rives at its destination via coaled vesicles. Nonetheless, these 
effects of tyrosine are by no means specific to p melanocytes, 
but are also observed in melanocytes from wild-type black 
mice, too (Rosemblat et aL, 1998). Furthermore, recent results 
from Gahl and colleagues (1995) demonstrate that although 
melanosomes appear to possess a specific tyrosine transport 
system, melanocytes from mice homozygous for a p gene dele- 
tion {pw/pw) show tyrosine transport activity indistinguishable 
from black controls in a variety of subcellular compartments, 
including melanosomes. 

While the precise role of the p protein remains to be delin- 
eated, it is clear that the absence of the p gene product has seri- 
ous implications for melanosome number, structure, and mela- 
nization, and supports the contention that this protein plays a 
central role in the biogenesis of the melanosome. Our ability to 
study these issues in detail should be greatly aided by the in 
vitro systems now available. 



rVlelanosomal-Lysosomal Relationship 

It had long been suspected that melanosomes might be related to 
lysosomes. By the late 1960s cytochemical techniques could be 
used to delect the presence of acid phosphatase activity, consid- 
ered a hallmark of lysosomes, within melanosomes (Novikoffcrf 
aL, 1968; Seiji & Kikuchi, 1969; Wolff & Schreiner, 1971). 



Genetic evidence was subsequently developed in support of a 
commonality between melanosomes and lysosomes. During the 
1970s, a number of single-gene mutations causing pigmentary 
dilution in the laboratory mouse were found to be associated 
with decreased secretion of kidney lysosomal hydrolases, espe- 
cially ^-glucuronidase, ^-hexosaminidase, and fi-galactosi- 
dase, into the urine (Hakansson & Lundin, 1977; Meisler et aL, 
1980; Novak & Swank. 1979). Although tissues from mice ho- 
mozygous for mosi of these mutations were devoid of distinc- 
tive microscopic changes, mice homozygous for the beige (bg) 
mutation demonstrated the presence of giant granules, includ- 
ing giant melanosomes, in a variety of tissues (Hearing et aL, 
1973; Lutzner & Lowrie, 1972; Oliver & Essner, 1973). Elec- 
tron microscopy and histochemistry revealed that many of these 
granules represented specialized lysosomes present within the 
affected tissues (Oliver & Essner. 1973, 1975). These include 
leukocyte granules, especially the azurophilic granules of the 
neutrophil and the lytic granules of natural killer cells, as well 
as melanosomes in melanocytes. Melanosomes were conse- 
quently implicated as members of the lysosomal lineage of or- 
ganelles. The markedly decreased number of these giant lyso- 
somally derived granules suggests that they arise from the 
uncontrolled fusion of normal-size granules. This supposition is 
strengthened by direct observation of fibroblasts cultured from 
beige mice, in which the fusion of lysosomes to form the giant 
granules has been documented (Willingham etaL, 1981). 

Concurrently, a number of human genetic diseases affecting 
both skin and eye color as well as lysosomes and lysosomally 
derived organelles were also identified. The distinctive micro- 
scopic findings iu the Chediak-Higashi syndrome (Windhorst. el 
aL, 1966; Zelickson et aL, 1967) suggested that it was homolo- 
gous to the beige mutation in mice. Melanocytes cultured from 
a patient with CHS exhibited aberrant and selective secretion of 
tyrosinase and ^-glucuronidase into the media (Zhao et aL, 
1994). Persons with Hermansky-Pudlak syndrome (Hermansky 
& Pudlak, 1959), a form of oculocutaneous albinism in man 
(Witkop et aL, 1989), have a lysosomal defect manifested by 
the accumulation of a ceroid-Iipofuscin material in the lyso- 
somes of macrophages of the lung and gut, leading to a restric- 
tive lung disease (Garay et aL, 1979) and granulomatous colitis 
(Schinella et aL, 1980) in many affected persons. Persons with 
Hermansky-Pudlak syndrome also have a bleeding diathesis 
caused by the absence of platelet dense granules with a resul- 
tant defect in platelet aggregation. 

Many of the mutations in the mouse affecting lysosomes also 
result in a platelet aggregation defect (Novak & Swank, 1979; 
Novak et aL, 1984, 1985), apparently due to the presence of de- 
fective platelet dense granules. The platelet dense granule is a 
subcellular organelle that is also affected by many of the same 
mutations that affect lysosomes and melanosomes, suggesting 
that these three organelles are all related (Orlow, 1994, 1995). 
Platelet dense granules contain serotonin, calcium, and ATP, 
and are important for the second irreversible wave of platelet 
aggregation. The membrane of the dense granule contains a 40 
kDa protein, called granulophysin (Gerrard et aL, 1991; Nishi- 
bori et aL, 1993), which is also expressed in a granular pattern 
by melanocytes (Zhao et aL, 1994) (Fig.6-4). The number of 
platelet granules is decreased in beige mice and in persons with 
Chediak-Higashi syndrome (Costa et aL, 1976; Meyers & Sea- 
chord, 1990; Novak et aL, 1984, 1985). 

A hallmark of the endolysosomal lineage of organelles is ac- 
cessibility to material endocytosed from the extracellular envi- 
ronment. Proteins and hormones internalized via coated pits 



102 

pass through endosomes to accumulate in lysosomes. Moell- 
mann and colleagues demonstrated that ferritm-labeled mela- 
nocyle-stimulating hormone (MSH) bound to the surface of 
Cloudman S91 melanoma cells could be internalized and at 
least a small percentage could be shown to enter melanosomes, 
suggesting that melanosomes, like lysosomes, are accessible to 
endosomal traffic (Moellmann et aL, 1988). Moellmann and 
coworkers subsequently showed that binding of MSH to Cloud- 
man S9I melanoma cells resulted in an acidification of theTGN 
and melanosomes as assessed by the accumulation of the weak 
base DAMP within these organelles. A low internal pH of mela- 
nosomes (4-4.5 or lower) was confirmed by Ramaiah and col- 
leagues (Bhatnagar et aL, 1993) utilizing fluorescent dye mole- 
cules sensitive to the pH of intracellular organelles. The more 
highly melanized melanosomes appeared to have a progres- 
sively lower internal pH (Bhatnagar et aL, 1993). 

A flurry of recent studies have brought modern techniques ot 
cell biology to bear on the issue of the relationship between me- 
lanosomes and the endosomal/lysosomal lineage of organelles. 
It has been recently shown that Stage melanosomes contain 
not only the expected melanosomal proteins such as tyrosinase 
and tyrosinase-related protein- 1, but also the lysosomal/late en- 
dosomal marker proteins LAMP-1 and LAMP-2 (Orlow et aL 
1993* Smit era/.. 1993; Zhou ctaL. 1993). Concurrently, normal 
humjin melanocytes and melanoma cells were shown to be capa- 
ble of phagocytosing latex beads, and moreover, the phago- 
somes containing these beads were shown to be capable : at fu- 
sion with melanosomes (Le Poole et aL, 1993; Mishima, 994). 

If melanosomes share a common biogenesis with endolysoso- 
mal organelles, then one would predict that, when expressed in 
nonmelanocytic cells, melanosomal proteins might localize to 
lysosomes instead. Evidence from a number of independent lab- 
oratories lend support to this prediction. Analyses of fibroblasts 
transfected with vectors directing the expression of tyrosinase or 
the related protein TRP-1 demonstrate that the exogenously ex- 
pressed proteins localize to spherical perinuclear granules that 
contain LAMP-1 (Vijayasaradhi et aL. 1991) and lysosomal hy- 
drolases such as (^glucuronidase (Winder, 1991); these are char- 
acteristics of both late endosomes and lysosomes (Kornfeld & 
Mellman 1989). The colocalization of exogenously expressed 
melanosomal proteins with the cation-dependent mannose 6- 
phosphate receptor (which is present in endosomes but absent 
from lysosomes) has not yet been reported upon. 

Taken together, the aforementioned results cannot differenti- 
ate between the possibility that melanosomes and lysosomes 
are divergent organelles that share a common biogenesis or. al- 
ternatively, that melanosomes may actually represent a highly 
specialized subset of lysosomes. To specifically address this 
question, we and others have recently examined the presence ot 
classical lysosomal hydrolases within melanosomes. The re- 
sults suggest that melanosomes are the major repository or 
lysosomal glycosidases within melanocytic cells, consistent 
with their role as specialized lysosomes (Diment et aL, 1995, 

Smit etaL, 1993). 

More surprising is our observation that the absolute levels 
of a subset of lysosomal hydrolases is markedly increased in 
highly melanized melanocytes when compared with less mela- 
nized cells (Diment et at., 1995). Furthermore, nonmelanocytic 
cells such as fibroblasts transfected with the gene encoding ty- 
rosinase demonstrate elevated levels of expression of certain 
lysosomal hydrolases (Borovansky et aL. 1997). Thus, cells ap- 
pear to possess a feedback loop wherein the presence of ongo- 
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ing melanogenesis results in increased levels of expression of a 
subset of lysosomal hydrolases. Whether this response protects 
the cells from the potentially deleterious effects of melanogene- 
sis is not yet known. 



Signals Directing Melanosomal Trafficking 

How are the proteins destined for melanosomes correctly tar- 
geted to those organelles? For those type 1 membrane proteins 
that traffic to melanosomes via the vesicular pathway, recent 
evidence suggests that the cytosolic carboxy termini contain 
specific amino acid sequences that direct their proper trafficking. 

Vijayasaradhi and coworkers (Vijayasaradhi et aL, 1995) 
have employed molecular techniques to demonstrate that the 
cytosolic tail of the brvwn locus protein (TRP-1 or gp75) is 
sufficient to direct its proper trafficking. When this tail is 
"grafted" onto the extracellular and transmembrane domains of 
the plasma membrane protein CDS, the hybrid protein is instead 
routed to melanosomes. Furthermore, if the carboxy terminal 
tail of TRP-1 is deleted, the mutant protein instead traffics to 
the plasma membrane. They were able to pinpoint the region of 
the carboxy terminal tail that is critical to the last 27 amino 
acids. Furthermore, they presented evidence that a hexapeptide 
sequence within this tail, QPLLTD, might be the actual se- 
quence responsible for the melanosomal trafficking. 

These findings are strongly supported by the recent work by 
Beermann et aL (1995) on the platinum mutation at the tyrosi- 
nase locus in mouse. Molecular cloning of this mutant allele re- 
veals that it results in an A->T substitution that causes a change 
from a lysine to a stop codon. Thus, the mutant protein is trun- 
cated by a foreshortening of its tail by the last 27 amino acids. 
The truncated protein still behaves as an integral membrane pro- 
tein but by histochemical and electron microscopic techniques, 
it can be shown to traffic to the plasma membrane of melano- 
cytes in the developing mouse eye or in cultured melanocytes 
derived from skins of neonatal platinum mice (Fig. 6-5). Al- 
though in ocular tissues, positive staining by the DOPA tech- 
nique was present in the trans-Golgi network and in nearby vesi- 
cles, no tyrosinase activity was detected in the melanosomes, 
which though devoid of melanin, were otherwise normal. Thus, 
both for tyrosinase and for TRP-1, the 27 carboxy terminal 
amino acids are critical for proper subcellular trafficking. 

It is interesting to note that the sequence QPLLMD is present 
in both murine and human tyrosinase, and NSPLLG is found in 
the Pmel Xlisilver gene product. Of significance, however, is 
the absence of this sequence or a homologous one from the tail 
of TRP-2, which is also a melanosomal protein. 

Of note, however, is a Gly-Tyr motif in the carboxy termini of 
all of these proteins. This is particularly interesting since such a 
motif is believed critical for the appropriate sorting of a family 
of lysosomal glycoproteins, including LAMP-i (Harter & Mell- 
man 1992; Matthews et aL, 1992; Williams & Fukuda, 1990). It 
should be kept in mind that LAMP-1 is also found in melano- 
somes in melanocytic cells (Orlow et aL, 1993; Zhou et aL, 
1993). Furthermore, when the genes encoding them are trans- 
fected into nonmelanocytic cells such as fibroblasts, TRP-1 and 
tyrosinase traffic to endolysosomal compartments that contain 
LAMP-1 and ^-glucuronidase, demonstrating that in the ab- 
sence of authentic melanosomes, the sequences of TRP family 
members contain the information necessary for trafficking to en- 
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Fig. 6-5. Melanocytes <M) established in culture from skin of neona- 
tal platinum mice homozygous for the cp allele at the tyrosinase loci 
processed for DOPA histochemistry. Electron-dense reaction product 
occurred at the plasma membrane of each melanocyte (arrows) and was 
prominent between two apposing melanocytes (boJd arrows and circled 
inset). Jn addition, reaction product was relatively absent from melano- 
.somes (circled inset) and small cytoplasmic vesicles (arrowhead in cir- 
cled inset), some of which appeared to be fusing with the plasma mem- 
brane (arrow in circled inset). Bar, 5.0 \im. [Illustration courtesy of 
R. E. Boissy.J 



dosomes/Iysosomes. The Gly-T\r sequence is also present in the 
carboxy terminal tail of TRP-2 (Jackson etaL. 1992). 

Although the sequences NTPLLR and TPLLWN are found, 
respectively, in the amino terminal region of the human and 
murine pink-eyed dilution locus protein (Gardner et aL, 1992; 
Rinchik et aL, 1993), and although this portion of the protein is 
predicted to be exposed to the cytosol, evidence suggests that 
the p protein is inserted directly into preroelanosomes and does 
not pass through the Golgi or the Golgi-derived transport vesi- 
cles (Rosemblat et aL 1994). Whether this hexapeptide se- 
quence plays any role at all in the trafficking of the p protein 
must await further studies. 



Pheomelanosomes 

Pheomelanins, or red/yellow melanins, differ from eumelanins 
(black/brown) not only in their chemical composition (they are 
rich in cysteinyl groups) (Hu, D.-N. et aL, 1995; Prota, 1972; 
Prota et al, 1995; Rorsman et aL, 1973) but also in the melano- 
somes in which they are deposited. In mice that produce 
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pheomelanin due to mutation at the extension (e) or agouti (A) 
loci (Mover, 1966; Sakurai et at., 1975), and in pheomeianic 
chicks (Jimbow et aL 1979), these "pheomelanosomes** are 
spherical and devoid of the well-organued internal filamentous 
or lamellar structure of their eumelanic counterparts. They are, 
however, rich in internal vesicles. 

It is now clear that the levels of a number of key meianosomal 
proteins are markedly diminished under conditions of pheome- 
lanogenesis. Transcripts for the p-locus protein, which is critical 
to the normal biogenesis of eumelanospmes (see above, under 
"The Pink-Eyed Dilution Gene and Melanosome Biogenesis") 
are absent from the skins of yellow mice (Gardner et aL, 1992; 
Rinchik et al, 1993), as are the protein products TRP-I and 
TRP-2 (Lamoreux et aL, 1995). Levels of tyrosinase arc reduced 
to about 30% of normal (Lamoreux et aL, 1995). Also absent is 
the silver locus protein (Kobayashi et aL, 1995). Thus, one may 
hypothesize that the pheomelanosome is a "primitive * melano- 
some containing tyrosinase but lacking other key meianosomal 
components. In support of this hypothesis is the observation that 
fibroblasts transfected with the tyrosinase gene make low levels 
of melanin that chemically resembles pheomelanin (Winder et 
aL, 1993). Of course, in such cells, all other meianosomal com- 
ponents are lacking. The true nature of pheomelanosomes could 
not previously be studied in vitro since melanocytes from yellow 
mice produce black eumelanin in vitro. However, now that re- 
combinant agouti protein is available, it can be added to cultured 
melanocytes and its effects studied. Preliminary evidence from 
Hearing and colleagues suggests that the content of meianoso- 
mal protein as well as meianosomal structure axe indeed altered 
by such in vitro treatment (Kobayashi et aL, 1995). 



PERSPECTIVES 

The process of melanogenesis involves the production of active 
oxygen species that are toxic to the cell (Borovansky et aL, 
1991; Hochstein & Cohen, 1963; Pawelek & Lerner, 1978). It 
may be supposed that the complex structure of the melanosome 
evolved in order to sequester this toxic series of reactions within 
a specialized organeUe, apart from the rest of the cell's compo- 
nents. The lysosome appears to offer an ideal basis for building 
such an organelle, as its membrane is coated with highly glyco- 
sylated proteins, and the progressive internal acidification of the 
endolysosomal lineage of organelles allows the cell to lightly 
control the activity of the many hydrolases contained therein. In- 
deed, it is recognized that the pH is critical for appropriate mela- 
nogenesis, and that the polymerization of melanin is altered in 
vitro by changes in pH. Thus, the melanocyte may have adapted 
this basic structure to meet its own specialized needs over the 
course of evolution. 



Summary 

1. Melanin is synthesized and deposited within a specialized organ- 
elle termed the melanosome. Our knowledge of the structure of mela- 
nosomes, how they are constructed by the melanocyte, and how their 
components are directed to them is the subject of this chapter. 

2. In the bipartite theory of melanosome biogenesis, the preme- 
lanosome originates from the endoplasmic reticulum and eventually 
fuses with Golgi-derived vesicles containing the enzymes (i.e., tyrosi- 
nase, TRP-1, and TRP-2) involved in melanin synthesis. 
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3. The p protein (product of the murine pink-eyed dilution gene) is 
essential for the normal development of melanosome number, structure 
and melanizaiion. However, its function in this manner is unknown. 

4. Melanosomes and lysosomes exhibit common properties, includ- 
ing (i) initial biogenesis, (2) LAMP expression, (3) presence of hydro- 
lases, and (4) genetic syndromes affecting both organelles. 

5. The trafficking of molecules to the melanosome is beginning to be 
resolved. Amino acid motifs in the carboxy termini of TRP-1 and ty- 
rosinase appear crucial for correct targeting. 

6. Pheomelanosomes appear to be a primitive melanosome-contain- 
ing tyrosinase but lack other key melanosomal components. 
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The exocrine pancreas, which differentiates from the 
endothelial cells of the forcgut, functions to synthesize 
and store digestive enzymes that are released into the 
intestinal tract. The pancreas also contains endocrine 
cells probably of ectodermal origin, which produce 
metabolic regulatory hormones, including insulin, glu- 
cagon, and somatostatin. During mouse development 
the pancreatic acinar cells can be detected by about day 
10 and begin to synthesize low levels of digestive en- 
zymes between days 11 and 14. Shortly before birth the 
levels of these enzymes increase dramatically and adult 
levels are attained within the first several weeks of life 
(Rutter el al. 1972). Expression of pancreatic serine 
protease genes is several orders of magnitude higher in 
the acinar cell than in any other cell type (Swift et al. 
1984a). Because expression of these digestive enzymes 
in inappropriate tissues could be deleterious to an or- 
ganism, there may be strong selective pressure to main- 
tain this very precise cell-specific expression. To gain 
an understanding of the regulatory mechanisms gov- 
erning this family of digestive enzymes, we have begun 
studying the regulation of the rat elastase I gene. This 



gene is one of at least nine serine protease genes ex- 
pressed exclusively in pancreatic acinar cells. 

Regulation of cell-specific gene expression is being 
studied by introducing various genes into tissue culture 
cells that maintain a differentiated phenotype or by 
producing transgenic mice carrying these genes. Al- 
though m-acting, cell -specific elements have been 
identified for a variety of genes by DNA-mediated 
transfection into cells (Banerji et al. 1983; Chao et al. 
1983; Gillies et at. 1983; Kondoh et al. 1983; Stafford 
and Queen 1983; Walker et al. 1983), transgenic mice 
have the distinct advantage that developmental^ reg- 
ulated genes can be assayed in every possible cell type 
throughout the normal development of the mouse. 
Furthermore, normal levels of expression are observed 
for many genes in transgenic mice, whereas in tissue 
culture the level of expression of differentiated genes is 
often very low. In transgenic mice, tissue-specific 
expression has been demonstrated for immunoglobulin 
heavy- and light-chain genes (Brinsler et al. 1983; 
Grosschedl et al. 1984; Storb et al. 1984; Rusconi and 
Kohler 1985), the elastase 1 gene (Swift et al. 1984a; 
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Figure I. Elastase-hGH and elasiase-SV40 fusion gene constructions, (a) A portion of the rat elastase I gene with 12 kb of 5' 
sequence and 3.6 kb of structural gene containing the first four exons. The Acc\ site at + 8 was converted to a BatnHl site, as 
described in Experimental Procedures, (b) The three elastase-hGH fusion genes introduced into transgenic mice, (c) The elastase- 
SV40 T antigen fusion gene introduced into transgenic mice. Black bars represent exons, stippled regions represent elastase 5'- 
flanking sequence, and the thin line represents pBR322 vector sequences. (Bg) BgfU; (E) £coRl; (H) HindlU; (N) Ndel; (S) 
Safl;($t)Stu\. 
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Ornitz et al. 1985), the insulin gene (Hanahan 1985), 0- 
globin genes (Chada et al. 1985; Townes et al. 1985), 
the myosin light-chain gene (Shani 1985). and the a- 
fetoprotein gene (Krumlaufet al. 1985). 

Previous studies in transgenic mice have demon- 
strated that the entire rat elastase I gene, containing 7 
kb of 5' sequence, 11 kb of coding sequence and in- 
trons, and 5 kb of 3' flanking sequence, is expressed 
higher in the pancreas than in any other tissue by three 
to four orders of magnitude (Swift et al. 1984a). To 
identify sequences required for pancreas-specific 
expression in the 23-kb rat elastase I genomic clone, wc 
tested fusion genes containing 5' elastase I sequence and 
the human growth hormone (hGH) structural gene in 
transgenic mice (Ornitz et al. 1985). These studies re- 
vealed that no more than 213 bp of elastase 5'-flanking 
sequence are required for acinar cell-specific expres- 
sion. 

The hGH structural gene has several advantages for 
use in transgenic mice. The gene is small, the five exons 
span 1.6 kb of genomic DNA (Seeburg 1982, Fig. lb), 
and the mRNA appears to be spliced normally and it 
is reasonably stable in many tissues (Palmiter et al. 
1983). The protein product is easily detected by ra- 
dioimmune assay (Palmiter et al. 1983) or indirect im- 
munofluorescence (Ornitz et al, 1985). Furthermore, if 
hGH is synthesized in a cell that secretes into the 
bloodstream, it can stimulate the growth of transgenic 
mice, a parameter that can be monitored easily (Pal- 
miter et al. 1983). However, if hGH is produced in an 
exocrine cell type, and consequently secreted exter- 
nally, then no enhanced growth would be expected. 

In this paper we demonstrate that 213 bp of elastase 
5' sequence are sufficient for normal levels of pan- 
creas-specific expression, that the tissue-specificity is 
manifested at the transcriptional level, and that expres- 
sion of an elastase-hGH fusion gene in transgenic mice 
correlates with a tissue-specific DNase I hypersensitive 
site corresponding to the region of the elastase regula- 
tory sequence. We further demonstrate that the elas- 
tase regulatory region can direct expression of SV40 T 
antigen in the pancreatic acinar cells resulting in char- 
acteristic pancreatic tumors in transgenic mice. 

EXPERIMENTAL PROCEDURES 

Construction of fusion genes. As a first step in 
constructing pancreatic acinar cell-specific expression 
vectors for use in transgenic mice, we introduced a 
unique restriction site in the first exon of the rat elas- 
tase I gene. To accomplish this, we subcloned a 400- bp 
Sefl-Stul fragment that spans the mRNA initiation site 
and contains 205 bp of elastase 5'-flanking sequence 
from plasmid Elastase I (containing 7.2 kb of elastase 
5' sequence and 3.6 kb of the structural gene; Fig. Ia) 
into pUC13. A BamHX linker was placed at the Acc\ 
site (position +8) in this subclone (E0.2). An elastase- 
hGH fusion gene (E0.2hGH; Fig. lb) was made by 
cloning the hGH structural gene (on a 2.1-kb BamHl- 
EcoKl fragment) into E0.2. Elastase 5'- flanking se- 



quence was added to this construction to generate 
E4.5hGH (Fig. lb), a plasmid containing 4.5 kb of elas- 
tase 5'-flanking sequence. The E7.2 SV40 T antigen fu- 
sion gene (Fig. lc) was made in a similar fashion. The 
fusion in this construction is at +8 of elastase and at 
the Stu\ site at + 34 (converted to a Bgdl site) in SV40. 
The resulting mRNA should contain 8 bp of elastase 5' 
untranslated sequence, a synthetic linker fusion 
(Bamm/Bgill), and 27 bp of SV40 5' untranslated 
mRNA, followed by T antigen coding sequence. 

Production of transgenic mice. All plasmids were 
linearized prior to microinjection. E4.5hGH (Fig. lb) 
was linearized at the £coRl site prior to injection, 
E0.2hGH was linearized at Sail, and E7.2SV40 T anti- 
gen (Fig. lc) was linearized at an Xho\ site in the plas- 
mid vector. The E0.5hGH (a 2.8-kb Ndel fragment) and 
some of the E0.2hGH (a 2.3-kb Sail-EcoRl fragment) 
mice were produced with genes that were separated 
from vector sequences prior to injection. The re- 
stricted fragments were isolated from 1% agarose gels 
by a perch lorate elution procedure (Chen and Thomas 
1980), and 100-300 copies were microinjected into the 
male pronucleus of fertilized mouse eggs as described 
(Brinster et al. 1981, 1985). The injected eggs were in- 
troduced into the oviduct of pseudopregnant foster 
mothers and allowed to develop to term. Mouse pups 
were screened by tail DNA dot hybridization for the 
presence of the injected gene. Growth rates of elastase- 
hGH transgenic mice were monitored until they were 
about 10 weeks old, at which time the mice were either 
bred to establish transgenic lines or sacrificed for tis- 
sue analysis. Elastase SV40 mice were bred and moni- 
tored for signs of pathology. 

Nucleic acid isolation and RNA analysis. Fifty 
milligrams of each tissue were homogenized in 4 ml of 
SET (1% SDS, 1 mM EDTA, 10 mM Tris, pH 7.5) with 
100 j*g/ml proteinase K. Total nucleic acids were puri- 
fied as previously described (Durnam and Palmiter 
1983) and stored frozen in 0.2 x SET. mRNA levels were 
analyzed by a solution hybridization procedure utiliz- 
ing a complementary end -labeled 21-base oligonucleo- 
tide probe. Hybridization and SI nuclease digestion 
were carried out as previously described (Ornitz et al. 
1985). 

Isolation of nuclei. Nuclei were isolated from about 
100 mg of pancreas or liver by Dounce homogenization 
followed by centrifugation essentially as described 
(Mulvihill and Palmiter 1977), except that 1 mM EGTA 
was added to buffers NA, NB, and NC. Nuclei were 
stored in buffer NC at -70°C and thawed on ice for 
transcription and DNase I hypersensitivity assays. 

Nuclear transcription assays. Transcription assays 
were performed as previously described (McKnight and 
Palmiter 1979), except that nitrocellulose filter discs for 
hybridization contained about 4 /ig of plasmid DNA 
and hybridizations were incubated a! 45 °C for 36 
hours. Individual filters were washed as previously de- 
scribed (McKnight and Palmiter 1979) and counted for 
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10 minutes in a Packard Liquid Scintillation spectrom- 
eter. Transcription rates (expressed in ppm) were cal- 
culated by dividing hybridized cpm minus background 
by the length of the cloned probe in kilobases and by 
the input counts of ,J P-Iabeled RN A. 

DNase I hypersensitivity assays. DNase I hyper- 
sensitivity studies were carried out by adding 0.1 Mg/ml 
to 5 jig/ml DNase I in 5 mM MgCl a and 1 mM CaCl 2 to 
approximately 20 fig of nuclear DNA in buffer NC. 
Digestion was carried out at 37°C for 10 minutes with 
pancreas nuclei, and at 25°C for 5 minutes with liver 
nuclei. Nuclei were then incubated in 197b SDS and 100 
fig/ml proteinase K for 1 hour at 37°C followed by ex- 
traction with phenol/chloroform and then chloro- 
form. Total nucleic acids were precipitated in 70% 
ethanol and 0.1 m NaCl. Nucleic acids were dissolved 
in 10 mM Ttis-HCI, 1 mM EDTA (pH 7.5), treated with 
RNase A, and digested with the indicated restriction 
enzymes and analyzed by Southern blotting. 

Histology. Tissue samples were fixed overnight in 
Bouin's fixative. Tissue samples were imbedded in par- 
affin by standard procedures, and 6-jim sections were 
stained with hematoxylin and eosin. 

Jmmunoperoxidase staining. Tissues were fixed 
overnight in Bouin's fixative, washed in 70<7o ethanol, 
and embedded in paraffin. Six-micrometer sections 
were mounted on glass slides and stained for SV40 large 
T antigen by an indirect immunoperoxidase procedure, 
using the monoclonal antibody 412 (Gurney et al. 1980) 
and the ABC avidin-biotin system (Vector Laborato- 



ries). Sections were exposed to a 1 : 100 dilution of 412 
culture supernatant (gift from A.J. Levin e, Princeton 
University) overnight at 4°C, treated with the ABC re- 
agents, and then incubated for 5 minutes in 0.3 mg/ml 
diaminobenzidine, 0.01 H 2 Oi, and 2% nickel am- 
monium sulfate. 

RESULTS AND DISCUSSION 

Pancreas-specific Expression of Elastase-bGH Fusion 
Genes 

Transgenic mice containing elastase-hGH fusion 
genes with either 4.5 kb, 0.5 kb, or 0.2 kb of elastase 5- 
flanking sequence (Fig. lb) expressed hGH mRNA only 
in the pancreas. In most cases we examined eight tis- 
sues: intestine, kidney, liver, pancreas, parotid gland, 
spleen, submandibular gland, and testes or ovary. We 
have never observed significant expression in a non- 
pancreatic tissue. Analysis of 21 transgenic mice con- 
taining these three fusion genes (Table 1) reveals that 
hGH mRNA levels are up to three to four orders of 
magnitude higher in the pancreas than in other tissues 
in 15 out of 21 mice. Five mice failed to express the 
foreign genes in any tissue and one mouse had very 
low-level expression in the pancreas. Some mice in each 
group expressed more hGH mRNA than endogenous 
elastase mRNA (about 10,000 molecules/cell; Swift et 
al. 1984a), suggesting that elastase sequences can func- 
tion in both a quantitatively and qualitatively normal 
fashion when inserted into random chromosomal po- 
sitions. 



Table 1. Expression of Elastase-hGH Genes in Tissues of Transgenic Mice 

hGH mRNA* 









pancreas 


other tissues 
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Moose* 


Ge»es/cell a 


(molecules/cell) 


E4.5hGH 


37-9 


6-5 


<10 


<10 




31-7 


2.2 


35 


<10 




34-4 


1.5 


1.170 


<10 




34-9 


3.2 


2.560 


<10 




34-2 


14 


4.000 


<10 




35-1 


1.2 


8.490 


<10 




33-6 


6.2 


15U00 


<I0 




3410 


6.2 


28,100 


<I0 


E0.5hGH 


43-4* 


1.0 


<10 


<10 




43-10* 


6.0 


<10 


<10 




42-6* 


1.2 


1.460 


<10 




44-6* 


199.0 


9,760 


<10 




44-4* 


136.0 


11,900 


<10 




43-5* 


2.3 


18.000 


<I0 




40-2* 


4.2 


39.400 


<10 


E0.2hGH 


47-4 


3J 


<I0 


<10 




48-4 


39.4 


<10 


<10 




49-3 


2.1 


3,340 


<10 




136-2* 


3.4 


16,100 


<10 




132-5* 


3.4 


33.100 


<10 




129-3* 


3.4 


51,000 


<10 



These mice received elastase-hGH genes lacking vector sequences. 
^Determined by quantitative DNA dot hybridization (Oroitz et al. 1985). 
'Deter mined by solution hybridization with a 21 base oligonucleotide probe. (See Exper- 
imental Procedures.) 
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Our previous data indicated that elastase-hGH fu- 
sion genes yield an hGH mRNA of normal size which 
is translated into an immunoreactive hGH protein 
that is secreted into the pancreatic ducts along with the 
digestive enzymes (Ornitz et al. 1985). Immunohistol- 
ogy was used to demonstrate that hGH was located ex- 
clusively in all acinar cells of the pancreas (Ornitz et 
al. 1985). Furthermore, all transgenic mice containing 
elastase-hGH fusion genes grow normally. This obser- 
vation indicates that these fusion genes are not ex- 
pressed in any cells that secrete into the bloodstream. 
If hGH were expressed in such cells, then we would 
expect to observe an increased growth rate in these mice 
as is observed when metallothionein (MT)-hGH fusion 
genes are expressed in transgenic mice (Palmiter et al. 
1983). Thus, the lack of enhanced growth, the lack of 
hGH mRNA in nonpancreatic cells, and the exclusive 
immunofluorescence of hGH in the acinar cells of the 
pancreas argue that the 2J3 bp of eJastase sequences 
present in E0.2hGH are sufficient to direct expression 
of hGH to pancreatic acinar cells. 

Analysis of additional deletion mutants and con- 
structs in which the elastase region is inverted or moved 
further away will be necessary to establish the precise 
cw-acting sequences involved in pancreas-specific 
expression and to determine if this region has enhan- 



cer-like properties. The 21 3- bp elastase I sequence con- 
tains a 37-bp region that is conserved between the elas- 
tase I and II genes; it is also homologous to similarly 
positioned sequences in the chymotrypsin gene and two 
trypsin genes (Swift et al. 1984b). Walker et al. (1983) 
have shown that this region is essential for expression 
of chyrootrypsin-CAT fusion genes in cultured acinar 
cells. 

Elastase hGH Pedigrees 

We have established two elastase-hGH lines to deter- 
mine whether tissue-specific expression is transmissible 
and whether the level of expression is relatively stable 
from one offspring to another. Pedigree 43-5 shows 
three generations of mice containing the E0.5hGH 
genes (Fig. 2a). The founder mouse transmitted the 
E0.5hGH genes to only 2 out of 10 of its progeny, 
whereas in the F, generation these genes were transmit- 
ted normally (6/12). The average amount of hGH 
mRNA in the offspring was 63,000 molecules/cell 
compared with 18,000 in the founder. These observa- 
tions suggested that the founder was probably mosaic. 
Consistent with this interpretation, quantitative DNA 
blot hybridization revealed that the founder mouse 
contained an average of 2.3 copies of EO^hGH per cell. 



a. E0.5hGH 43 ~5 pedigree 
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Figure 2. Elastase-hGH pedigrees {left). Squares represent males, circles represent females; solid symbols represent animals 
containing E0.5hGH fusion genes. The numbers below the symbols indicate hGH mRNA levels in thousands of molecules per 
cell. The Southern blots (right) are Sstl digests of kidney DNA. In a the blot was probed with a nick-translated hGH structural 
gene fragment. In b the blot was probed with a MT-hGH fusion gene fragment (the bands at 6.0. 4.5, and 2.9 kb represent 
endogenous MT gene fragments). 
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whereas its progeny contained about seven genes per 
cell (data not shown). Furthermore, a Southern blot of 
DNA digested with Sst\, an enzyme that cuts once 
within the 2.8-kb piece of DNA that was introduced 
into this mouse, yielded a prominent band of 2.8 kb, 
indicative of a tandem head-to-tail array, plus fainter 
junction fragments (Fig. 2a). The intensity of the bands 
in the offspring is significantly greater than the foun- 
der, in agreement with the quantitative dot analysis, 
but the pattern is identical in all of the mice. 

A second pedigree, 40-2, is shown in Figure 2b. These 
mice carry about four copies of EO.ShGH genes and 
the genes appear to be transmitted in a normal Men- 
delian manner as though all the genes were closely 
linked on one chromosome. Southern blot analysis of 
Ssrl -digested DNA (Fig. 2b) indicates a major 2.8-kb 
fragment plus several junction fragments; the pattern 
and intensity of the bands are similar in all of the mice 
except one mouse in the F 2 generation (F2-1) that is 
missing the tandem repeat and has acquired several new 
bands. This mouse also has an unusually low level of 
hGH mRNA in the pancreas. Apparently, a DNA rear- 
rangement occurred during meiosis of the egg that gave 
rise to this mouse. (The bands at 6.0, 4.5, and 2.9 kb 
represent endogenous MT DNA fragments that were 
probed as an internal control.) 

Both pedigrees reveal that elastase-hGH fusion genes 
are in the germ line and can be stably (with one notable 
exception) transmitted through several generations. 



Expression of the fusion genes is also reasonably con- 
stant. Mice from these lines were used to study tran- 
scription and chromatin structure of the elastase fu- 
sion genes (see below). These lines will also be useful 
for studying developmental regulation of elastase-hGH 
gene expression. 

Transcriptional Activity of the Elastase Fusion Genes 

To ascertain whether the elastase regulatory region 
is capable of conferring quantitatively normal tran- 
scription as well as tissue specificity, we measured the 
rate of .elastase-hGH transcription relative to the en- 
dogenous elastase genes. This approach avoids prob- 
lems associated with mRNA and /or protein accumu- 
lation which might be subject to differential stability. 

Nuclei were isolated from pancreas and liver of off- 
spring from transgenic line 43-5 containing seven tan- 
dem copies of the E0.5hGH gene. These nuclei were 
allowed to continue transcriptional elongation in the 
presence of [a-"PJUTP in a so called nuclear "run-on" 
assay. Specific H P-labeled RNA transcripts were quan- 
titated by hybridizing them to nitrocellulose-bound 
plasmid DNA containing homologous cloned se- 
quences of the hGH gene, the mouse elastase I gene, 
the liver albumin gene, or pBR322 plasmid DNA. The 
slope from a plot of input "P-labeled RNA versus hy- 
bridized specific RNAs (Fig. 3) gives a value that rep- 
resents relative transcription rates. These values are ex- 
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Figure 3. Relative rate of transcription of elastase, EO.S-hGH, and albumin genes in pancreas and liver nuclei from mice of the 
43-5 line. Nuclei were isolated and endogenous RNA polymerases were allowed to elongate products started in vivo as described 
under Experimental Procedures. Labeled RNA transcripts were hybridized to immobilized plasmid DNA containing sequences 
corresponding to hGH (O), elastase (A), and albumin genes (□). (a) Hybridization of RNA synthesized in pancreas nuclei; (6) 
a similar experiment using liver nuclear RNA. The relative rate of transcription in ppm was calculated as described in Experi- 
mental Procedures. 
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pressed in ppm after correcting for probe lengths and 
background, as described in Experimental Procedures. 

We calculate that in the pancreas of mice from line 
43-5 there are about two limes more RNA polymerase 
molecules engaged in E0.5hGH gene transcription than 
in endogenous elastic I gene transcription (Fig. 3a). 
This apparent increased transcription rate may be at- 
tributable to the seven tandem copies of the E0.5hGH 
gene in this transgenic line compared with the two en- 
dogenous elastase I genes. Because there is little rela- 
tionship between gene copy number and mRNA accu- 
mulation in transgenic mice (see Table 1), we do not 
know whether all seven copies of the elastase-hGH fu- 
sion genes are transcribed equally well. Nevertheless, 
we can set some limits: If only one gene is functional, 
then it is transcribed at about four times the rate of an 
endogenous elastase gene, and if all seven are tran- 
scribed, then they are transcribed at about half the rate 
of the endogenous elastase genes. Either way, the 
results suggest that the foreign elastase promoter is rec- 
ognized about as efficiently as the endogenous pro- 
moters, despite being in a completely foreign chromo- 
somal environment. 

Transcription of the E0.5hGH gene and the mouse 
elastase I gene was very low in liver nuclei (Fig. 3b) t 
indicating that the tissue-specific expression is due pre- 
dominantly, if not exclusively, to transcriptional speci- 
ficity. Conversely, the albumin gene is transcribed at a 
high level in the liver and not in the pancreas. This gene 
serves as a control for functional liver nuclei and also 
demonstrates a background transcription rate in the 
pancreas, similar to that of elastase and hGH in the 
liver. We believe that the background rate of 15-17 ppm 
seen for all three genes is due to nonspecific binding to 
our plasmid probes. 

The Elastase Sequence Is Associated with a DNase I 
Hypersensitive Site 

DNase 1 hypersensitive sites are frequently associ- 
ated with actively transcribed structural genes (Stalder 
et al. 1980; Sweet etal. 1982; Senear and Palmiter 1983; 
Becker et al. 1984; Kunnath and Locker 1985). These 
sites are often at the 5' end of the gene and may reflect 
perturbations of chromatin structure due to sequence- 
specific DNA binding proteins. These hypersensitive 
sites have been shown to correspond with tissue-spe- 
cific and developmental regulatory elements. For ex- 
ample, the immunoglobulin genes have hypersensitive 
sites in the intron between the VDJ and C regions in B- 
cell lines (Parslow and Granner 1982), the insulin gene 
has a hypersensitive site in its 5' region specifically in /? 
cells (Wu and Gilbert 1981), and the 0-globin gene de- 
velops a hypersensitive site in its 5' region when mouse 
erythroleukemia cells are induced to differentiate 
(Miller et al. 1978). The hypersensitive sites in the mu- 
rine mammary tumor virus (MMTV) long terminal re- 
peat (LTR) correlate with transcriptional activation of 
the MMTV promoter by the activated glucocorticoid 
receptor (Zaret and Yamamoto 1984). 



Here we show that a hypersensitive site is established 
near the elastase regulatory element in the chromatin 
from pancreas of mice from the 43-5 line. This mouse 
line carries seven tandem copies of EG\5hGH (Ndel re- 
striction fragment from Fig. lb). The map of this in- 
tegrant is shown in Figure 4a. Digestion with BglU 
yields a 2.84-kb internal Bgfll fragment and a 12-kb 
band including the junction between mouse DNA and 
the insert. These bands are shown in Figure 4b (lane I, 
no DNase I treatment or incubation). To detect hyper- 
sensitive sites near the 5' end of these genes, we purified 
DNA from DNase I-digested nuclei, restricted with 
BgHl, and hybridized a Southern blot of this DNA with 
a probe derived from the middle region of the hGH 
gene (as shown in Fig. 4a). Digestion of pancreas nuclei 
with DNase I revealed a band of about 1.4 kb (lanes 2- 
9) that was not present when liver nuclei were digested 
(lanes 2-5). The band of approximately \A kb maps a 
hypersensitive site to the vicinity of the elastase pro- 
moter (see Fig. 4a). Additional experiments with more 
precise size markers {Safl-BgllU and BamHl-BglU-di- 
gested DNA) indicate that the hypersensitive site maps 
to the region between - 150 and +50 of the E0.5hGH 
fusion gene. Liver nuclei show no hypersensitive sites 
in the region of the elastase promoter element, but they 
do show a uniform 1-kb band present in all lanes that 
is probably due to digestion by endogenous nucleases 
during nuclei isolation. 

This experiment demonstrates that the elastase se- 
quence generates a DNase I-sensitive region in mouse 
pancreatic chromatin in close proximity to the tissue- 
specific regulatory region and promoter. Because the 
integration site of the E0.5hGH genes is probably ran- 
dom in transgenic mice, this experiment also demon- 
strates that the ability to form a tissue-specific hyper- 
sensitive site is independent of precise chromosomal 
location. Furthermore it is independent of the elastase 
I structural gene. It remains to be demonstrated 
whether the elastase regulatory element can yield a hy- 
persensitive site in the absence of a functional tran- 
scription unit. 

Pancreatic Carcinomas Induced by Elastase-SV40 
T Antigen 

The early region of the SV40 virus codes for two pro- 
teins: large and small T antigens. These proteins affect 
the expression of viral and cellular genes and can lead 
to cell transformation (Tooze 1980). Introduction of 
SV40 early- region genes into mice resulted in a high 
frequency of choroid plexus tumors (Brinster et al. 
1984). Further experiments demonstrated that large T 
antigen was sufficient for tumorigenesis and that the 
SV40 enhancer (72-bp repeats) was required for devel- 
opment of choroid plexus tumors (Palmiter et al. 1985). 
When the SV40 early Tegion was fused to the 5'- flank- 
ing region of the rat insulin gene and introduced into 
mice, the transgenic mice expressed T antigen only in 
the 0 cells and ultimately developed 0-cell tumors 
(Hanahan 1985). Thus, it appears that the site of tu- 
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Figure 4. Analysis of DNase I hypersensitivity sites in EO.ShGH genes from line 43-5. (a) Map of the insertion containing seven 
tandem copies of the EO.ShGH gene. The elastase sequences are stippled; the hGH exons are solid. The inserted DNA was 2.84 
kb and gives a prominent band of this size when cut with Bgfll f an enzyme that cut once within the insert. The I.4|-kb line 
marks the location of the band that appears after nuclease digestion. (B) BamU\\ (Bg) BgM; (P) Pvull; (S) San. (b) Southern 
blot analysis of DNase Mreated nuclei. Pancreas nuclei were digested at 37°C for 10 min and liver nuclei were digested at 25°C 
for 5 min; DNase I concentrations ranged from 0 to 5 /ig/ml; one sample (next to markers) was not incubaied. After digestion, 
the DNA was purified, digested with BgllK electrophoresed on an agarose gd, transferred to nitrocellulose, and probed with a 
nick-translated PvuU-BgM DNA fragment shown in a. 



morigenesis can be directed to specific cell types by us- 
ing different transcriptional regulatory elements. 

The foreign gene that we injected contained 7.2 kb 
of eJaslase 5'-fIanking sequence fused to the SV40 T 
antigen structural gene (Fig. lc). Five mice containing 
this fusion gene were produced. These mice were bred 
to start transgenic lines and then observed for the de- 
velopment of any pathological symptoms. Transgenic 
line 177-5 was studied in detail (Fig. 5, Tabic 2). All of 
the mice in the F, generation developed large abdomi- 
nal masses at 3-7 months of age and died within a few 
weeks of obvious abdominal swelling. Mice in the F, 
generation are approaching the age when tumors de- 
veloped in their parent. 

The abdominal masses that originated in the pan- 
creas were firm and lobular and generally grew rapidly 
to enormous size. The mouse in Figure 6A had a 9.1-g 
tumor when sacrificed. These tumors occasionally 
spread by transcoelomic seeding. Rare metastases to 
liver and lung were also observed. Histological exami- 
nation revealed nearly complete replacement of normal 
pancreatic tissue (Fig. 6B) by sheets of pleomorphic ep- 
ithelial cells (Fig. 6C), many of which formed pseudo- 
acinar structures, with numerous mitoses. SV40 large 



T antigen was detected immunocytochemically in the 
nucleus of most tumor cells (Fig. 6D). 

To assess the relationship between T antigen gene 
expression and tumorigenesis, we analyzed pancreatic 
sections from mice of different ages that inherited the 
elastase T antigen genes. Sections taken between 4 and 
28 days after birth revealed a few isolated cells in the 
exocrine pancreas that were positive for large T antigen 
(Fig. 6E); tissue morphology at this stage was essen- 
tially normal. Between 4 and 8 weeks the isolated foci 
increased in size, possibly by clonal expansion (Fig. 6F). 
The earliest pathological changes evident by hematox- 
ylin and eosin staining were an increase in size and ir- 
regularity of the acinar cell nuclei. The first histologic 
evidence of actual tumor formation was an expanding 
growth of disorganized acinar epithelial cells with nu- 
merous mitoses (Fig. 6G). These cells showed more in- 
tense staining for T antigen (Fig. 6H), but there was 
marked cell-to-cell variation even within such a focus. 

We also measured the SV40 mRNA in pancreas from 
transgenic mice of different ages (Fig. 5, Table 2). In 
young mice, SV40 mRNA was either undetectable or 
very low. By 11 weeks, SV40 mRNA was generally de- 
tectable but the amount increased sharply in overt tu- 
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Figure 6. Histology of mice containing elastasc-SV40 T antigen fusion gene*, (a) Transgenic mouse with abdominal swelling 
(this mouse had a 9.1-g pancreatic tumor). (6) Hematoxylin and eosin-stained section of normal pancreas, (r) Hematoxylin and 
eosin-stained section of a pancreatic tumor (mouse FI-4; Fig. 5). (rf) Indirect immunoperoxidase staining for T antigen of the 
pancreatic tumor shown in c (280-day-oId mouse), (e) Immunoperoxidase staining for.T antigen in pancreas of a 26-day-old 
mouse (F3-22). if) Immunoperoxidase staining for T antigen in pancreas of a 87-day-old mouse (F3-16). (g) A focal tumor in the 
pancreas of mouse F3-16 visualized with hematoxylin and eosin. {h) Immunoperoxidase staining for T antigen in the focal tumor 
shown in g. 
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mors. These results corroborate the immunological 
staining for SV40 T antigen and suggest that the in- 
creased expression is due to proliferation of a subpop- 
ulation of cells expressing T antigen. We also noted 
that as the expression of T antigen increased there was 
a progressive decrease in the amount of elastase and 
amylase mRNA (Table 2). 

The results obtained with elastase SV40 T antigen 
genes are quite different from those observed with elas- 
tase-hGH. In the latter case, alt the acinar cells ex- 
pressed hGH and at very high levels, whereas T antigen 
expression appears to commence in a small number of 
acinar cells and then increase presumably by clonal ex- 
pansion. These results also contrast with those ob- 
tained by Hanahan (1985) with a comparable insulin T 
antigen construct. He observed relatively uniform 
expression of T antigen in all 0-celIs that was associ- 
ated with hypertrophy of those cells; eventually some 
of those cells proliferated and formed overt tumors. 

We do not know what causes the activation of SV40 
T antigen gene expression in selected pancreatic acinar 
cells. The availability of lines of mice that routinely 
develop pancreatic tumors (Fig. 5) will allow a more 
detailed analysis of the molecular events associated 
with tumor development. 

Pancreatic tumor tissue from mouse 266-6 was used 
to start a cell line. This cell line has been maintained in 
culture for several months. The cells grow in clumps 
(resembling acini) and they express high levels of SV40 
mRNA (450 molecules/cell); this value is considerably 
higher than in the primary tumor (Table 2). This cell 
line retained about 2% of normal elastase mRNA, but 
amylase mRNA was barely detectable. Because these 
cells contain an elastase-SV40 fusion gene, we suspect 
that there is selective pressure to maintain some degree 
of differentiation. Failure to maintain the proteins in* 
volved in elastase promoter function would presum- 
ably lead to cessation of the transformed phenotype. 

CONCLUSIONS 

To identify the cur-acling DNA sequence elements 
required for pancreas-specific expression of the rat 
elastase \ gene, the 5'-flanking region of the elastase I 
gene was joined to the hGH structural gene. Elastase- 
hGH fusion genes with 4.5, 0.5, and 0.2 kb of elastase 
5'-flanking sequence were introduced into mice. Most 
of the mice carrying these three constructs expressed 
high levels of hGH mRNA in the pancreas but unde- 
tectable levels in other tissues. The data indicate that 
the sequence between - 205 and + 8 bp of the elastase 
promoter is sufficient to direct expression of hGH ex- 
clusively to the pancreatic acinar cells. Two lines of 
mice were established that transmit tissue-specific 
expression of hGH in a stable manner. Nuclei isolated 
from pancreas or liver of these mice were used to dem- 
onstrate that transcription of the elastase-hGH gene is 
tissue specific and quantitatively similar to the endog- 
enous elastase genes. These nuclei were also used to 
demonstrate that there is a DNase J hypersensitive site 



located in the elastase regulatory element in pancreatic 
nuclei but not in liver nuclei. The results suggest that 
sequences in the close proximity to the elastase pro- 
moter bind a specific protein(s) and this leads to tran- 
scriptional activation exclusively in the acinar cells of 
the pancreas. The function of this sequence is appar- 
ently independent of chromosomal location. 

When the elastase 5' sequences were fused to SV40 T 
antigen genes, large pancreatic tumors routinely devel- 
oped at 3-7 months of age in transgenic founder mice 
and their offspring. Development of these tumors ap- 
pears to reflect activation of SV40 T antigen expres- 
sion in a small number of acinar cells, followed by their 
proliferation into overt tumors rather than high-level 
expression in all acinar cells, as was observed when this 
regulatory element was fused to the hGH gene. 
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An albumin enhancer located 10 kb 
upstream functions along with its 
promoter to direct efficient, liver-specific 
expression in transgenic mice 
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Transgenic mice were used to locate the m-acting DNA elements that are important for efficient, tissue- 
specific expression of the mouse albumin gene in the adult. Chimeric genes with up to 12 kb of mouse albumin 
5'-f)anking region fused to a human growth hormone (hGH) reporter gene were tested. Remarkably, a region 
located 8.5-10.4 kb upstream of the albumin promoter was essential for high-level expression in adult liver and 
the region in between —8.5 and -0.3 kb was dispensable. The far-upstream region behaved tike an enhancer in 
that its position and orientation relative to the albumin promoter were not critical; however, it did not 
function well with a heterologous promoter. Two of four DNase hypersensitive sites found in the 5'-flanking 
region of the albumin gene map to the far-upstream and promoter regions; the others may reflect regions 
involved in developmental or environmental control of this gene. 
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The albumin and a-fetoprotein genes are evolutionarily 
related and separated by 14 kb on mouse chromosome 5 
(Ingram et al. 1981). Furthermore, they are developmen- 
tally regulated in a similar fashion in that they are in- 
duced coordinately in fetal liver, yolk sac, and gastroin- 
testinal tract (Krumlauf et al. 1985a). However, albumin 
expression is maintained in the adult liver whereas a-fe- 
toprotein expression declines to undetectable levels 
shortly after birth; both genes are repressed in nonhe- 
patic tissues of the adult. They are regulated primarily at 
the transcriptional level and their mRNAs are among 
the most abundant polymerase II transcripts in the liver 
and code for the most abundant serum proteins of fetus 
and of adult (Tilghman and Belayew 1982). 

Progress has been made in dissecting the cis-acting 
DNA elements involved in the developmental and 
tissue -specific control of a-fetoprotein gene expression 
by assaying various constructs in transgenic mice 
(Krumlauf et al. 1985a,b ; Hammer et al. 1987) or after 
transfection into tissue culture cells [Godbout et al. 
1986; Muglia and Rothman-Denes 1986; Widen and Pa- 
paconstantinou 1986). When tested in transgenic mice, a 
construct with 7 kb of 5 '-flanking region associated with 
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an a-fetoprotein minigene allowed proper tissue*specific 
expression at levels exceeding those of the endogenous 
genes in some cases (Hammer et al. 1987), suggesting 
that all of the elements necessary for proper expression 
lie within that construct. Further dissection revealed 
that the a-fetoprotein promoter and 5' sequences ex- 
tending to - 1 kb did not promote expression in any 
tissue; however, when it was combined with any of 
three large regions that cover the region from - 1 to - 7 
kb, there was substantial, but not equivalent, expression 
in all three target tissues. In addition to appropriate 
tissue-specific expression, the a-fetoprotein gene was re- 
pressed after birth and activated by liver damage in the 
adult, in concert with the endogenous genes (Hammer et 
al. 1987). In contrast to the results in transgenic mice, 
the a-fetoprotein promoter does stimulate expression in 
a cell-specific manner when transfected into cultured 
cells, and a region located between -52 and -85 ap- 
pears to be essential for this property (Godbout et al. 
1986; Muglia and Rothman-Denes 1986; Widen and Pa- 
paconstantinou 1986). Each of the upstream regions be- 
haved like a typical enhancer [Serfling et al. 1985) in that 
its orientation and position relative to the promoter 
could be changed. Furthermore, they could activate a 
heterologous promoter, when tested by transfection into 
cultured liver cells (Godbout et al. 1986). 
Previous studies, in which the rat albumin promoter 
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and 5 '-flanking region were tested by transfection or in- 
fection into hepatoma cells, revealed that there is an im- 
portant, tissue-specific element located within 400 bp of 
the cap site (On ct al. 1984; Friedman et al. 1986). Fur- 
thermore, the mouse albumin promoter is transcribed 
more efficiently in cell-free extracts prepared from liver 
than from other tissues (Gorski et al. 1986}. Using this in 
vitro transcription assay, the DNA elements required for 
preferential expression in liver extracts were localized to 
a region between 55 and 1 70 bp upstream of the cap site 
(Gorski et al. 1986). However, previous studies have not 
addressed the question of whether there is an albumin 
enhancer as well. 

Considering that the albumin and a -fetoprotein genes 
are related, linked, and regulated similarly, one might 
expect the organization of the regulatory domains to be 
conserved. Therefore, we set out to ascertain whether 
the albumin gene has enhancers and, if so, where they 
lie in relation to the structural gene. We show here that 
the albumin promoter is tissue-specific in transgenic 
mice and there appears to be only one region with en- 
hancer-like activity that is located much further up- 
stream than any of the a-fetoprotein gene elements. 

Results 

Albumin -growth hormone fusion genes are expressed in 
liver 

Because we wished to examine the control of the mouse 
albumin gene in transgenic mice, we selected human 
growth hormone |hGH) as a heterologous reporter gene. 
This choice was based on the facts that the hHG gene 
has been successfully used in combination with a num- 
ber of other regulatory regions, its mRNA appears to be 
relatively stable in a variety of cells, and it stimulates 
growth if sufficient amounts of GH are secreted into the 
bloodstream (Palmiter et al. 1983; for review, see Pal- 
miter and Brinster 1986). To construct albumin-human 
growth hormone (alb-hGH) fusion genes, a synthetic 
BamHl linker was inserted 22 bp downstream from the 
albumin cap site in an albumin subclone that spans the 
promoter region (see Materials and methods}. This sub- 
clone was then fused to the hCH gene at its natural 
BamHl site at +3. Thus, the albumin promoter and 5'- 
flanking region were joined to the hGH structural gene 
near the beginning of the first exon of each gene such 
that the transcription start site would be determined by 
albumin sequences and the resulting hGH mRNA would 
have 22 extra nucleotides contributed by albumin se- 
quences. Additional albumin S'-flanking region was in- 
serted into this clone to create a fusion gene with about 
12 kb of albumin 5* sequence fused to the hGH gene 
(Fig. 1). The proper reconstruction of the albumin se- 
quences was verified by Southern blot comparison of the 
plasmid clone and genomic DNA after digestion with 
several enzymes. 

Restriction fragments containing about 0.3, 0.9, 3.8, 
8.5, or 12 kb of albumin 5'*flanking region and the hGH 
structural gene (top line, Fig. 1) were separated from the 
remaining plasmid DNA by agarose gel electrophoresis. 



A few hundred copies of each of these DNA fragments 
were microinjected into pronuclei of fertilized eggs to 
produce transgenic mice (Brinster et ah 1985). Groups of 
3-21 transgenic mice were produced with each of these 
constructs. With the exception of those mice containing 
the 0.3 alb-hGH construct, some mice grew signifi- 
cantly larger than normal, indicating that the alb-hGH 
genes were being expressed in some tissues of those 
mice. 

To determine in which organs the genes were being 
expressed, the mice were sacrificed and hGH mRNA 
levels were measured in a variety of organs by a solution 
hybridization assay using an oligonucleotide comple- 
mentary to a sequence in exon 4 of hGH mRNA. hGH 
mRNA was detected in livers of all mice that grew larger 
than normal as well as in a few other mice in each 
group; it was also detected in the kidneys of a few mice, 
but not in any other tissue that was assayed, including 
spleen, intestine, pancreas, brain, heart, muscle, lung, 
and testis. Figure 2 shows the levels of hGH mRNA de- 
tected in liver and kidney of each of the founder mice 
and indicates which mice grew larger than normal. The 
mean level of hGH mRNA in the liver of those mice 
that expressed the transgene is indicated by the histo- 
grams. The frequency of detecting expression was low 
(only 2 of 10 transgenic mice), with the construct con- 
taining only 0.3 kb of albumin sequence, but was high 
for the constructs with 0.9, 3.8, 8.5, and 12 kb of al- 
bumin sequence (Fig. 2). The extreme variability in the 
level of expression from one mouse to another is often 
observed in transgenic mouse experiments and probably 
reflects influences from the chromosomal site of inte- 
gration, as well as variable transgene copy number and 
mosaicism of some of the founders (Palmiter and Brin- 
ster 1986). 

Although there was a progressive increase in the 
average level of hGH mRNA detected in the liver as 
more albumin-flanking DNA was included in the con- 
structs (Fig. 2), the level of hepatic expression was dra- 
matically higher in most of the mice with 12 kb of al- 
bumin sequence. The average level of hGH mRNA in 
these mice was about 5000 molecules/cell and in some 
mice the level was comparable to that of endogenous al- 
bumin mRNA, estimated to be about 10,000 molecules/ 
cell (Tilghman and Belay ew 1982). These data suggest 
that there is an enhancer-like element located 8.5- 12 kb 
upstream of the promoter. Moreover, the albumin pro- 
moter, which is contained within the 0.3-kb construct, 
is tissue-specific but it has a propensity not to be ex- 
pressed unless additional 5' sequence is present, as in 
the 0.9-, 3.8-, and 8.5-kb alb-hGH constructs. Curi- 
ously, the constructs with 0.3-8.5 kb of albumin se- 
quence also promoted a low level of expression in the 
kidney of some mice. However, this activity appears to 
be extinguished when the enhancer-like element be- 
tween -8.5 and - 12 kb is present, since no kidney ex- 
pression was detected in any of the mice with the 12-kb 
construct (Fig. 2(. 

Because many of the mice grew larger than normal, wc 
knew that functional hGH mRNA was produced, indi- 
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Figure 1. Maps of the alb-hCH gene constructs tested in transgenic mice. The 12-kb alb- hGH construct [top line) was prepared as 
described under Materials and methods. The 12-, 8.S-, 3.8-, 0.9-, and 03-kb alb-hCH DNA fragments were isolated using unique sites 
in the albumin sequence and the Sail site at the 3' side of the hGH gene. The internal deletions were created as described under 
Materials and methods; in each case the upstream albumin fragments were joined to the albumin promoter at the Sphl site that lies at 
-0.3 kb, the letter designations refer to the restriction enzymes used to isolate the albumin fragments. The EB 0.1 -hGH construct 
has the albumin EB fragment joined to an Nsi\ site located at -90 in the hGH gene. Each of these latter fragments was isolated with 
Kpn\ (in the polylinkerj and Chi for microinjection. ' 



eating that normal splicing occurred. To ascertain 
whether transcription was starting at the proper site and 
whether the same site was used for each of the con- 
structs, we performed primer extension assays. Total 
RNA was hybridized with a M P-labeIed oligonucleotide 
complementary to a sequence in the first exon of hGH 
mRNA and extended with reverse transcriptase. We ex- 
pected an extension product of 72 nucleotides if the 
normal albumin cap site was being used. Indeed, as 
shown in Figure 3, a prominent extension product of 



that length was observed with all samples tested, in- 
cluding liver samples from transgenic mice with the 
0.3-, 0,9-, 3.8-, and 12-kb constructs and a kidney sample 
from a mouse with the 0.9-kb construct. 

The enhancer-like element between -8.5 and -12 kb 
is sufficient for high-level hepatic expression 

To ascertain whether there might be multiple enhancer- 
like elements in the 12 kb of albumin 5' flanking region, 



Figure 2. hGH mRNA levels in liver and kidney of 
transgenic mice bearing the alb- hGH constructs shown 
in Fig. 1. hGH mRNA was measured by solution hybrid- 
ization as described under Materials and methods. Each 
value corresponds to an individual founder transgenic 
mouse; values below the origin represent mice in which 
no hCH mRNA could be detected (less than 10 mole- 
cules/cell); solid symbols correspond to liver values of 
mice that grew more than 1.3-fold larger than control lit- 
temjateSi open symbols are used for those mice that did 
not grow larger than normal. Liver values are presented 
as circles, and kidney values as squares. Histograms rep- 
resent the mean levels of liver hCH mRNA, based on 
only those mice that expressed the gene. Note the 
change in scale at 250 and 5000 molecules/cell. 
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Figure 3. Primci extension analysis of alb-hGH transcripts. 
Total RNA was prepared, 50 jig was hybridized with an end-la- 
beted oligonucleotide and extended with reverse transcriptase, 
and the extension products were displayed on an acrylamide gel 
as described under Materials and methods. Markers are end-la- 
beled HpoII fragments from pBR322. {Lane A) Liver RNA from a 
mouse bearing a 12-kb alb-hGH construct (this RNA sample 
was from a mouse with 12,000 hGH raRNA molecules/cell; 
consequently, the lane is overexposed and reveals prominent 
bands of smaller size which probably represent premature ter- 
mination products due to excess template); (lanes B and C] liver 
RNA from mice bearing a 3.8-kb alb-hGH construct; (lanes U 
and £) liver RNA from mice bearing the 0.9-kb alb-hGH con- 
struct; (lane F] kidney RNA from a mouse with 0.9-kb alb- 
hGH construct; (lanes G and H) liver RNA from mice with 0.3- 
kb alb-hGH construct The EB 0.3 alb-hGH construct also 
gives a prominent band similar to that shown in lanes B-H 
(data not shown). 

as is the case for the closely related and closely linked 
a-fetoprotein gene (Hammer et al. 1987), we tested three 
large regions for activity. We chose convenient restric- 
tion sites to generate fragments of about 3 kb each and 
positioned each fragment, in its normal orientation, di- 
rectly upstream of the 0.3 alb-hCH construct. We 
tested these upstream fragments in the context of the 
albumin promoter region because previous data sug- 
gested that the albumin promoter has tissue-specific 
properties (see Introduction}. 

Only one of the three upstream fragments (the 
£coRV-BamHI fragment; EB-0.3 alb-hGH) stimulated 
hepatic expression to levels higher than that observed 
with the 0.3 alb-hGH construct alone. Whereas only 
one of the 26 mice with either of the two proximal frag- 
ments grew larger than normal, 9 of 12 mice with the 
far-upstream EB fragment grew large and they had he- 
patic hGH mRNA levels that averaged about 1200 mole- 
cules per cell (Fig. 2). Moreover, no expression in kidney, 
or in any other tissue, was observed with this construct. 
Thus, the albumin sequence between -0.3 and -8.5 kb 
is unnecessary for enhanced levels of hepatic-specific 
expression in the adult. 

The far-upstream albumin element functions in the 
reverse orientation but does not activate a heterologous 
promoter 

One property of enhancers is that their orientation rela- 
tive to a promoter can be reversed without affecting 



their function (Serfling et al. 1985). To test this aspect of 
enhancer function, we reversed the orientation of the 
EcoRV-BamHl fragment upstream of the 0.3 alb-hGH 
construct. This reverse orientation (BE 0.3 alb-hCH) 
worked just as well as the normal orientation (Fig. 2). 

Another property of many enhancers is that they will 
activate a heterologous promoter. We have shown that 
the immunoglobulin, elastase, or metallothionein en- 
hancers, when placed 90 bp upstream of the hGH gene 
with its own promoter, can direct expression to appro- 
priate tissues, whereas the enhancerless hGH gene is not 
expressed anywhere in transgenic mice (Hammer et al. 
and Ornitz et al., in prep.). Hence, we tested the EB frag- 
ment upstream of the enhancerless 0.1 hGH vector. 
Eight transgenic mice were produced with this con- 
struct, but none of them grew larger than normal and 
only two of them had a trace of hGH mRNA in the liver. 
Thus, it appears that the far-upstream albumin element 
does not function well with the hGH promoter and may 
require its own promoter. 

More precise localization of the albumin enhancer-like 
elements 

To localize the far-upstream element further, we tested 
various smaller fragments derived from the EB region, 
each upstream of the 0.3 alb-hGH construct. A Nhel- 
BamHl fragment that encompassed the proximal half of 
the region (see Fig. 1 ) gave the highest average level of 
expression of all the constructs tested and all of the mice 
with this construct grew large (Fig. 2). This deletion nar- 
rowed the enhancer region down to about 1.9 kb. We 
then cut this region in half with Sea] and tested the 
distal NS fragment and the proximal SB fragment in the 
same manner. Four of 10 mice with the proximal SB re- 
gion gave a low level of expression, comparable to that 
observed with 0.3 alb-hGH alone, and two of them ex- 
pressed a low level of hGH mRNA in kidney as well. All 
three of the mice with the distal NS region had hepatic 
hGH mRNA levels averaging 10-fold higher than that 
observed with the promoter alone (Fig. 2). However, low 
expression (less than 20 molecules/cell) was also ob- 
served in tissues such as pancreas, intestine, and lung 
that had never been positive with other constructs. 
Thus, it appears that the Nhel-Scal region still has en- 
hancer-like activity, but that elements within the adja- 
cent region also play a role in determining hepatic-spe- 
cific expression. 

One of four DNase hypersensitive sites is located 
within the upstream enhancer region 

The choice of restriction sites for the previous dissection 
of the upstream region was guided in part by the results 
of a search for DNase-sensitive sites in the albumin S'- 
flanking region. Such hypersensitive sites may reflect 
the binding of regulatory proteins to specific DNA se- 
quences (Elgin 1981). Two unique probes isolated from 
the albumin-flanking region, one centered at about -4 
kb (probe 2) and the other centered at about - 1 1 kb 
(probe 1], were used to map DNase hypersensitive re- 
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rions of the endogenous albumin gene. Liver nuclei were map 5' and 3' of probe 2, respectively, or with EcoRV to 

isolated and incubated at 25'C for various times to allow map 3' of probe 1 (see Fig. 4). Four DNase hyper^nsmve 

an endoeenous DNase to make preferential cuts. Then sites were observed: a prominent one (Meted HS1| is 

the DNA was isolated, restricted with Stul or EcoRI to located at about - 10.5 kb within the Nhel-Scal region 
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that has enhancer-like activity, two less intense sites 
(HS2 and HS3) aie located at about -7.5 and -3.1 kb, 
and a fourth intense site (HS4) is located in the vicinity 
of the promoter. Partial digestion by the endogenous nu- 
cleases during nuclei isolation probably accounts for the 
presence of most of these hypersensitive sites in the 
zero-time controls. Note, however, that HS1 and HS4 
are absent in kidney nuclei (lanes C, D, and £}. 



Discussion 

The 12 kb of mouse albumin 5'-flanking region appears 
to contain all the cis-acting elements necessary for ap- 
propriate expression of the albumin gene in the adult. 
Based on the analysis presented here, two regions are 
critical for liver-specific expression in the adult. One is 
the 300-bp promoter region, which had been shown pre- 
viously to be a tissue-specific promoter (see Introduc- 
tion), and the other is an enhancer-like element, or ele- 
ments, that lie within the Nhel-BamHl region, 
8.5- 10.4 kb upstream of the promoter. When these two 
regions are juxtaposed, as in the NB 0.3 alb-hGH con- 
struct, they stimulate the production of hGH mRNA 
levels comparable to endogenous albumin mRNA (see 
Fig. 2). Although the high level of expression achieved 
with this construct suggests that all the essential ex- 
acting elements are present within the 12 kb of albumin 
5'-flanking region, we cannot rule out the possibility 
that there may be other elements either further up- 
stream, within, or downstream of the albumin gene that 
also contribute to appropriate expression. This uncer- 
tainty stems from the comparison of hGH and albumin 
mRNA levels, which may have different half-lives, and 
the uncertainty of knowing how many transgenes con- 
tribute to hGH mRNA accumulation. All of the trans- 
genic mice studied in this report were founder animals, 
hence some of them were surely mosaics with the trans- 
gene in only a fraction of their cells (Wilkie et al. 1986}. 
Moreover, most of the mice have multiple copies of the 
transgene and, like most other constructs tested in mice, 
there is little relationship between gene copy number 
and the level of expression; thus, we cannot know how 
many of the transgene copies are actually contributing 
to expression. Nevertheless, these results indicate that 
important control elements can lie great distances away 



from the stuctural genes that they regulate. Because the 
distance is about 10 kb, we favor the idea that this re- 
gion is brought into proximity to the promoter by DNA 
looping rather than by some propagation of information 
along the DNA from the upstream element to the pro- 
moter (Serflinget al. 1985; Ptashne 1986). 

The far-upstream albumin region has some of the 
properties of an enhancer, in that its position and orien- 
tation relative to the promoter do not seem to be critical. 
However, it failed to promote significant levels of ex- 
pression when combined with the heterologous hGH 
promoter, which has responded to several other en- 
hancers. Although it is possible that the albumin en- 
hancer might function in conjunction with other pro- 
moters, it is also possible that it can only function in 
conjunction with its own or other liver-specific pro- 
moters. Thus, at present, we can only say that it en- 
hances the function of the albumin promoter about 50- 
lold. It is curious that the albumin sequences between 
- 8.5 and - 12 kb also appear to suppress the kidney ex- 
pression observed in some transgenic mice bearing con- 
structs that contain the region between -0.3 and -0.9 
kb. 

The smallest, most effective albumin region tested 
thus far is about 1.9 kb. Although other truncated ver- 
sions remain to be tested, it seems likely that the al- 
bumin element may not be as compact as other en- 
hancer elements. This conclusion is based on the obser- 
vation that the 1.9-kb Nhel-BamHl region is very 
effective whereas the smaller Nhel-Scal region is less 
effective quantitatively and allows expression in other 
tissues. Furthermore, die neighboring Scal-BarnH\ frag- 
ment does not stimulate hepatic expression but it does 
promote nonhepatic expression. 

In the process of dissecting three different enhancers, 
we have noted that tissue specificity is lost before en- 
hancing ability is lost. In addition to the example above, 
when the elastase element was trimmed from 134 bp to 
80 bp it allowed promiscuous expression (Hammer et al., 
in prep.) and when a Dral-Pstl fragment that includes 
the core of the immunoglobulin heavy-chain enhancer 
was tested, it allowed expression in several tissues in 
addition to B cells {Ornitz et al., in prep.). These obser- 
vations suggest that each of these enhancers may con- 
tain core elements that bind general enhancing factors 
and that enhancing activity is restricted to specific cell 



Figure 4. DNasc hypersensitive sites in albumin 5 '-flanking region. (Top) Map of the albumin gene extending from - 12 kb to + 4 kb 
(in the 5th intronj. Albumin exons are solid boxes, introns are open boxes. Arrows labeled HS1 to HS4 indicate the positions of the 
hypersensitive sites mapped as described below. Probe 1 is a unique £coRV-NheI fragment; probe 2 is a unique EcoRl-StuI fragment. 
Genomic restriction fragments used as internal si2e markers are shown as solid lines paired with the appropriate probes. Dotted lines 
represent the size of the bands mapped with probes 1 and 2 and visualized on the autoradiographs shown below. (tc/r| Probe 1 was 
used to map nuclease-sensitive sites downstream of EcoRV. (Lane A) DNA from liver nuclei restricted with £coRV and Kpnl, (lane B) 
DNA from liver nuclei restricted with EcoRV and BflmHI; (lanes O'-JO'I digestion products from liver nuclei treated for 0- 10 min at 
25*C and then restricted with EcoRV. [Center right) Probe 2 was used to map nuclease-sensitive sites upsticam of the StuI site. (Lane 
C) DNA from kidney nuclei restricted with 5ful; (lane D) DNA from kidney nuclei restricted with StuI and EcoRV; (lanes O'-W) liver 
nuclei treated for 0* 10 min at 25*C and then restricted with StuI. (Bottom right) Probe 2 was used to map hypersensitive sites 
downstream of EeoRI. (Lane £) DNA from kidney nuclei restricted with £coRl ; (lane F) DNA from kidney nuclei restricted with £coR! 
and BstEII; (lanes tt-lO') liver nuclei treated at 25°C for 0-10 min and then digested with EcoRl. Markers are X DNA restricted with 
tfmdlll. 
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types by factors that bind to adjacent regions. In some 
cases, all of the binding sites may be arranged in a very 
compact region, as in the case of the elastase enhancer, 
whereas in other cases the binding sites may be dis- 
persed over several hundred base pairs as in albumin and 
immunoglobulin genes. 

The binding of proteins to the albumin promoter and 
the far-upstream albumin region is consistent with the 
presence of DNase hypersensitive sites in these regions 
| Fig. 4). We noted two other hypersensitive regions be- 
tween the promoter and the far-upstream regions, al- 
though we cannot ascribe any function to them. They 
might be involved in developmental or environmental 
control of albumin gene expression. Babiss et al. (1986) 
also noted DNase hypersensitive sites in the rat albumin 
gene located near the promoter and about 2.8 kb up- 
stream; they did not look more then 7 kb upstream. 

At this level of analysis, it appears that the organiza- 
tion of the regulatory elements for albumin and a-feto- 
protein genes is dissimilar. The only similarity is that 
both promoters appear to be tissue specific, although 
neither functions very well in transgenic mice in the ab- 
sence of upstream enhancer elements {Hammer et al. 
1987). Whereas the enhancer elements for the a-fetopro- 
tein gene are spread out in at least three regions span- 
ning about 6 kb (Hammer et al. 1987), the albumin en- 
hancer lies in a 1.9-kb region positioned nearly 10 kb 
upstream of the gene. However, it is important to recall 
that we are comparing the sequences that are important 
for expression of the albumin gene in the adult and ex- 
pression of the o-fetoprotein gene in the developing 
fetus. Perhaps the sequences responsible for fetal expres- 
sion of the albumin gene are the same ones that are used 
for a-fetoprotein gene expression; alternatively, they 
might be duplicated in the region between -0.3 and 
-8.5 kb. Thus, it is conceivable that the elements in- 
volved in the fetal expression of the two genes are sim- 
ilar and the far-upstream albumin elements are critical 
for maintenance of expression in adult liver. Ultimately, 
it will be informative to compare the DNA sequences of 
the enhancers for these two genes and the proteins that 
interact with them. 

We originally planned to generate lines of transgenic 
mice that express alb-hGH fusion genes so that offspring 
could be used to study developmental and environ- 
mental control of transgene expression. However, the 
use of hGH as the reporter gene has precluded the gener- 
ation of any lines that express significant amounts of 
hGH because the reproductive performance of both 
transgenic males and females was impaired. We antici- 
pated some problem with females, since transgenic fe- 
males that express metallothionein-hGH fusion genes 
are relatively infertile (Hammer et al. 1985), but the 
problem seems to be more severe with the alb-hGH con- 
structs and both sexes are affected. The liver is also a 
prime site of synthesis of hGH when the metalloth- 
ionein promoter is used; nevertheless, MT-hGH lines 
have been established and maintained for many genera- 
tions (R. Hammer and R. Brinster, unpubl.). Perhaps 
some critical differences in the expression of these two 



rransgenes during fetal development affects reproductive 
function. 

These results reveal how the interpretation of results 
from enhancer studies depends on the reporter gene and 
the frame of reference. For example, albumin -CAT con- 
structs have been instructive in terms of demonstrating 
that the albumin promoter functions better when trans- 
fected into hepatocytes than when tested in a few other 
cell types (Ott et al. 1984). However, because CAT en- 
zyme activity was measured, it was not possible to 
know whether the level of albumin -CAT expression 
was quantitatively appropriate. Moreover, most hepato- 
cyte cell lines do not make normal amounts of albumin 
mRNA, perhaps due to depletion of active enhancer- 
binding factors; thus, these cell lines may be unsuitable 
for detecting enhancer function. In conclusion, one 
cannot feel confident that all of the c/s-acting elements 
have been included in a construct unless expression is 
developmental^ appropriate, cell-specific, and quantita- 
tively normal. The last parameter is difficult to measure 
and can only be satisfactorily answered by using a re- 
porter gene that produces a mRNA with the same half- 
life as the endogenous gene or by measuring transcrip- 
tion rates. In both cases, one would ideally choose an- 
imals or cells in which only one gene was integrated so 
there would be no ambiguity about how many trans- 
genes were functional. 

The 12-kb albumin 5' -flanking region has been used 
effectively to direct the expression of other structural 
genes to the liver. For example, it will direct hepatitis B 
surface antigen (HBsAg) to hepatic cells, as visualized by 
immunofluorescence (Chi sari et a). 1986). It has also 
been used to direct the expression of SV40 T-antigen and 
human c-H-ros genes to liver |E. Sandgren et a I., un- 
publ.). Expression of each of these gene products leads to 
characteristic liver pathology. Expression of the hepa- 
titis gene leads to accumulation of hepatitis large-enve- 
lope polypeptide in the endoplasmic reticulum and this 
is associated with progressive liver cell injury (Chisari et 
al. 1986 and unpubl.), whereas expression of either T an- 
tigen or an activated form of c-H-ras leads to hepatocel- 
lular tumors (E. Sandgren et al., unpubl.). Even the ex- 
pression of hGH in the liver appears to be deleterious in 
that characteristic dysplasia is evident by 3 months, and 
by 7 months there is an obvious disorganization of 
normal lobular architecture |C. Pinkert et al., unpubl.). 
These examples serve to illustrate that the albumin pro- 
moter/enhancer can be used to generate animal models 
of human diseases in which the effects of various gene 
products on hepatic function can be studied. 

Materials and methods 

Construction of alb-hGH fusion genes and production of 
transgenic mice 

A mouse albumin subclone spanning the promoter region wis 
digested with BstEU, which cut at a unique site about 50 bp 
downsueam of the cap site. The DNA was digested with ExolM 
for varying times, treated with SI nuclease and Klenow frag- 
ment of DNA polymerase to produce blunt ends, and then li- 
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gated with phosphorylated BomHl linkers. A done with a 
BamHl linker positioned between the cap site and initiation 
codon was identified by acrylaraide gel electrophoresis and the 
exact position was determined by DNA sequencing. The al- 
bumin promoter and about 4 kb of S'-Hanking region was fused 
to the hGH structural gene at its unique BomHl site located at 
+3. A unique Sal] linker was introduced beyond the polyaden- 
ylation site of hGH, then the albumin 5' region was extended to 
12 kb by inserting a Stul fragment isolated from a X. clone car- 
rying albumin 5'-flanking sequences. Unique EcoRV and BssHlI 
sites lie at about - 12 kb so that the entire alb-hCH region can 
be isolated with either of these enzymes and Sail. To construct 
internal deletions, the alb-hCH gene was digested with SpM, 
which cuts at -0.3 kb in the albumin gene and beyond the 
polyadenylation site of hGH, and this piece was cloned into the 
Sphl site of pUCIS to create a vector with a polylinker up- 
stream of the albumin promoter. The 3' SpAl site was converted 
to a unique Chi site and then various 5' albumin fragments 
were cloned into the polylinker |Fig. 1). An Nsfl site located at 
-90 in the hGH gene was used for the construction of the 
EB-O.l-hCH construct. 

DNA fragments for microinjection were separated from re- 
maining pi asm id DNA by agarose gel electrophoresis, isolated 
by dissolving the gel in NaOO, and binding the DNA to glass 
(Whatman GF/C filters), and eluting with 1 mM Tris-HCl. The 
DNA concentration was measured and diluted to 2 ng/u.1 for 
microinjection. About 2 pi of the DNA solution was microin- 
jected into pronuclei of fertilized C57/SJL F 2 hybrid mouse eggs. 
Eggs that survived injection were transferred to pscudopregnant 
recipients for continued development. Transgenic pups were 
identified by dot analysis of tail nucleic acids using a nick- 
uanslated hCH probe |Brinster et al. 1985). 



Analysis of hGH mRNA levels 

Total nucleic acids were isolated by homogenizing 50- 100 rag 
of tissue in 4 ml of SET buffer with 100 \Um\ of proteinase K, 
incubating the extract at room temperature for 24 hr, and then 
isolating total nucleic acids by phenol/chloroform extraction 
and ethanol precipitation (Dumam and Palmitei 1983). hGH 
mRNA levels were determined by solution hybridization using 
a 21 -base oligonucleotide complementary to a sequence in the 
fourth exon of hGH and M13 single- stranded DNA as a stan- 
dard (Omitz et al. 1985a). This assay is sensitive enough to 
measure 10 molecules of mRNA/cell. 

For primer extension, an oligonucleotide, GTCGACAGCT- 
CACCTAGCTAGCTGCTGCAAT, complementary to a se- 
quence in the first exon of hGH mRNA was end- labeled with 
32 P using T4 kinase, hybridized to 50 fig RNA prepared from 
total nucleic acids by treatment of DNase I, and then extended 
with AMV reverse transcriptase. The extension products were 
analyzed on a denaturing acrylamide gel (Townes et al. 1985). 



DNase hypersensitivity assays 

Liver nuclei were isolated as described by Omitz et al. (1985b) 
and incubated at 25*C hr up to 10 min to allow endogenous 
DNases to nick the DNA; then DNA was isolated by treatment 
with SDS and proteinase K followed by phenol/chloroform ex- 
traction and ethanol precipitation. DNA was digested with an 
appropriate restriction enzyme, electrophorcsed through a 0.8% 
agarose gel, transferred to nitrocellulose, and hybridized with a 
nick-translated probe (Omitz et al. 1985). 
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MCDB 153 MEDIUM 

With L-Glutamine and 28 mM HEPtS, 
Without Sodium Bicarbonate 

Product Number M 7403 
Storage Temperature 2-8 °C 



Product Description 

MCDB media were designed for the low-protein or 
serum-free growth of specific cell types using 
hormones, growth factors, trace elements or low levels 
of dialyzed fetal bovine serum protein (FBSP). Each 
MCDB medium was formulated (qualitatively and 
quantitatively) to provide a defined and optimally 
balanced nutritional environment that selectively 
promoted growth of a specific cell type. MCDB 105 and 
110 are modifications of MCDB 104 medium, optimized 
for long-term survival and rapid clonal 9^^^™" 
diploid fibroblast-like cells (WI-38. MRC-5. IMR-90 1 and 
of low-passage human foreskin fibroblasts using FBSP 
or hormone and growth factor supplements. MCDB 
151 153 201 and 302 are modifications of Hams 
nutrient mixture F-12. designed for the growth of human 
keratinocytes. clonal growth of chicken embryo 
fibroblasts and Chinese hamster ovary (CHO) cells 
using low levels of FBSP. extensive trace elements or 
no serum protein. 

MCDB 153 MEDIUM, Product No. M 7403 is one of the 
cell culture media available from Sigma. The selection 
of a nutrient medium is strongly influenced by 1] type of 
cell 2] type of culture [monolayer, suspension, clonal] 
and 3] degree of chemical definition necessary. It is 
important to review the literature for recommendations 
concerning medium, supplementation and physiological 
parameters required for a specific cell line. 



Components 
Ammonium Metavanadate 
Calcium Chloride*Anhydrous 
Cupric Sulfate-SHjO 
Ferrous Sulfate* 7H 2 0 
Magnesium Chloride : 
Manganese Sulfate 
Molybdic Acid-4H 2 0 (ammonium) 



0.000000585 
0.00333 
0.00000275 
0.00139 
0.05713 
0.000000151 
0.00000124 



Nickel Chloride-6H 2 0 
Potassium Chloride 
Sodium Acetate (anhydrous) 
Sodium Chloride 
Sodium Metasilicate-9H20 
Sodium Phosphate Dibasic (anhydrous) 
Sodium Selenite 
Stannous Chloride-2H 2 0 
ZincSutfate*7H 2 0 
L-AIanine 
L-Arginine»HCl 
L*Asparagine-H 2 0 
L-Aspartic Acid 
L-Cysteine*HCI«H 2 0 
L-Glutamic Acid 
L-Glutamine 
Glycine 

L-Histidine-HCI*H 2 0 
L-lsoleucine 
L-Leucine 
L-Lysine-HCI 
L-Methionine 
L-Phenylalanine 
L-Proline 
L-Serine 
L-Threonine 
L-Tryptophan 
L-Tyrosine-2Na 
L-Valine 
D-Biotin 

Choline Chloride 
Folic Acid 
myo-lnositol 
Niacinamide 

OPantothenic Acid (hemicalcium) 
Pyridoxine*HCI ..^ f 
Riboflavin 
Thiamine*HCI 



0.00000012 
0.11183 
0.30153 
7.599 
0.000142 
0.284088 
0.0000038 
0.000000113 
0.000144 
0.00891 
0.2107 
0.015 
0.00399 
0.04204 
0.01471 
0.8772 
0.00751 
0.01677 
0.001968 
0.0656 
0.01827 
0.00448 
0.00496 
0.03453 
0.06306 
0.01191 
0.00306 
0.00341 
0.03513 
0.0000146 
0.01396 
0.00079 
0.01802 
0.00003663 
0.000238 
0.00006171 
0.0000376 
0.000337 
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0.000407 
0.03088 
1.081 
6.6 
0.001242 
0.000161 
0.055 
0.000206 
0.000727 



Vitamin B-12 
Adenine-HCI 
D-Glucose 
HEPES 

Phenol Red-Na 
Putrescine»2HC1 
Pyruvic Acid*Na 
Thioctic Acid 
Thymidine 

P recautions and Disclaimer 
For R&D use only. 

Not for drug, household or other uses. 

b^tSeTfromatmospheric moisture .The enhre 
tonKof each package should ^J£g£* 

irsup'ernKyaffect storage conditions and shelf 
life of the medium. 

1 Measure out 90% of final required volume of water. 
Water temperature should be 1 5-20 y. 

medium. Stir until dissolved. Do NOT heat. 
rS original package with a small amount o, 
water to remove all traces of powder. Add to 

^carbonate or 1 5.7 ml of sod.um bicarbonate 
solu ion [7.5%w/v] for each liter of final volume of 
medium being prepared. Stir unU dro ved 
While stirring, adjust the pH of ^ ^diumto 
0.1-0.3 P H units below the desired pH s tf.ce .t may 
rise during filtration. The use of 1N HCI or 
1N NaOH is recommended. 
Add additional water to bring the solut.on to final 

SteX immediately by filtration using a membrane 
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Storage/Stability 

Store the dry powdered medium at 2-8 °C under dry 
conditions and liquid medium at 2-8 °C in the dark. 
Deterioration of the powdered medium may be 
recognized by any or all of the following: [1) color 
change, [2] granulation/clumping. [3] insolubility. 
Deterioration of the liquid medium may be recognized 
by any or ail of the following: 11) pH change. [2] 
precipitate or particulate matter throughout the solution, 
[3] cloudy appearance [4] color change. The nature of 
supplements added may affect storage conditions and 
shelf life of the medium. Product label bears expiration 
date. 

Procedure 

MATERIALS REQUIRED BUT NOT PROVIDED: 
Water for tissue culture use [W 3500] 
Sodium Bicarbonate [S 5761] or 
Sodium Bicarbonate Solution. 7.5% [S 8761) 

1N Hydrochloric Acid [H 9892] 

1 N Sodium Hydroxide [S 2770] 

Medium additives as required 

Product Profile 

Appearance <>ff-wh«te powder 

Moisture content f=- u/0 
Solubility clear solution at 1 x concentration 

pH at room temperature 6.1 ± 0.3 

[without sodium bicarbonate] ct*a^ 
pH at room temperature b.7 ± 

[with sodium bicarbonate] 

Osmolality 293 mOsm/kg H 2 0 ± 5% 

[without sodium bicarbonate] ^^co/ 
Osmolality 322 mOsm/kg ± 5% 

[with sodium bicarbonate] 



6. 
7. 
8. 



Endotoxin 
Amino Acid Analysis 
by HPLC 

Key Element Analysis 
by ICAP 



Sl.OEWml at 1x 
Analysis has confirmed that 
amino acids are present at 
concentrations consistent with 
the formula. 

Analysis has confirmed that 
key elements are present at 
concentrations consistent with 
the formula. 
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ami ORICAL PEP ^QMiNtt CHARACTERISTICS 
Biological performance is assessed using an 
appropriatrcell line(s). Growth studies are earned 
through 2 subculture generations. Cells are counted 
and growth is plotted as a logarithms function of time in 
culture. Seeding efficiencies, doubling time and final 
eel densities are determined. During the testing period 
cultures are examined microscope ly for atypica ^ 
morphology and evidence of cytotoxicity, Test results 
are available upon request. 
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SIGMA 



Nutrient Mixtures (Ham) 



Productlnformation 



Ham's Nutrient Mixtures weie originally developed to support clonal growth of several clones of Chinese hamster ovary (CHO) cells as well 
as clones of HeLa and mouse L-cells. Both mixtures were formulated for use with or without serum supplementation, depending on the cell 
tvoe beinn cultured Ham's F-10 has been shown to support the growth of human diploid cells, white blood cells for chromosomal analysis, 
primary explants of rat, rabbit and chicken tissues. Ham's F-12 has been used I for flic > growth of primary rat hepatocytes and rat prostate 
epiS crtls. A clonal toxicity assay using CHO cells has also been reported with Ham's F-12 as &e medium of choice. Ham s F-12 is also 
available with 25mM HEPES buffer that provides more effective buffering in the optimum pH range of 7.2-7 .4. 



COMPONENT 

INORGANIC SALTS 

CaCl,-2H 2 0 

CuS0 4 *5HjO 

FeS04-7H20 

MgCl-6H 2 0 

MgS0 4 

KCI 

KH 2 P0 4 

NaCl 

Na 2 HP0 4 

ZnSOWHjO 

AMINO ACIDS 

L-Alanine 

L-Arginine-HCl 

L-Asparagine*HaQ 

I^Aspartic Acid 

L-Cysteine*HOHjO 

L-Glutamic Acid 

L-Glutamine 

Glycine 

l^Histidine*HCI*H 2 0 

L-Isoleucine 

L- Leucine 

L-Lysine*HCl 

L-Methiooine 

L-Phenylalanine 

L-Prolme 

L-Serine 

L-Threonine 

L-Tryptophan 

L-Tyrosine 2Na*2HjO 

L-Valine 

VITAMINS - 

D-Biotin 

Choline Chloride 

Folic Acid 

myo-Inositol 

Niacinamide 

D-Panlotbenic Acid ♦VSCa 

Pyridoxine«HCl 

Riboflavin 

Thiamine-HCl 

Vitamin B-12 

Formulas continued next page 



Oft J D 


N 11R7 


N 6760 


N 4388 










gfu 


& L ' 


c/L 


c/L 




0.0441 


0.0441 


0.0441 


ft 0000075 


0 0000025 


0.000002 5 


0.0000025 


ft 000ftt4 


0.000834 


0.000834 


0.000834 






0.123 


0.123 


0.07464 


0.07464 






0.285 


0285 


0.224 


0224 


0.083 


0.083 






7.4 


6.8 


7.599 


7.1 


0.1537 


0.1537 


0.14204 


0.14204 


0.0000288 


0.0000288 


0.000863 


0.000863 


0.009 


0.009 


0.009 


0.009 


0.211 


0211 


0.211 


0211 


0.01501 


0.01501 


0.01501 


0.01501 


0.0133 


0.0133 


0.0133 


0.0133 


0.035 


0.035 


0.035 


0.035 


0.0147 


0.0147 


0.0147 


0.0147 


0.146 


0.146 


0.146 


0.146 


0.00751 


0.00751 


0.00751 


0.00751 


0.021 


0.021 


0.02096 


0.02096 


0.0026 


0.0026 


0.00394 


0.00394 


0.0131 


0.0131 


0.0131 


0.0131 


0.0293 


0.0293 


0.0365 


0.0365 


0.00448 


0.00448 


0.00448 


0.00448 


0.00496 


0.00496 


0.00496 


0.00496 


0.0115 


0.0115 


0.0345 


0.0345 


0.0105 


0.0105 


0.0105 


0.0105 


0.00357 


0.00357 


0.0119 


0.0119 


0.0006 


0.0006 


0.00204 


0.00204 


0.00261 


0.00261 


0.00778 


0.00778 


0.0035 


0.0035 


0.0117 


0.0117 


0.000024 


0.OOOG24 


d;ooooo73 


O.00OOO73 


0.000698 


0.000698 


0.01396 


0.01396 


0.00132 


0.00132 


0.00132 


0.00132 


0.000541 


0.000541 


0.018 


0.018 


0.000615 


0.000615 


0.000037 


0.000037 


0.000715 


0.000715 


0.00048 


0.00048 


0.000206 


0.000206 


0.000062 


0.000062 


0.000376 


0.000376 


0.000038 


0.000038 


0.001 


0.001 


0.00034 


0.00034 


0.00136 


0.00136 


0.00136 


0.00136 
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Nutrient Mixtures (Ham) continued 



COMPONENT 

OTHER 

D -Glucose 

HEPES 

Hypoxantbine 

Linoleic Acid 

Phenol Red-Na 

PutrescincHCl 

Pyruvic Acid^Na 

Thiocuc Acid 

Thymidine 

ADD 

Sodium Bicarbonate 

Grams of powder required to prepare 1 L 



N663S 


N 1387 


N 6760 . 


N4388 


(F-10) 


(F-10) 


(F-12) 


AMD 


g/L 


g^L 






1.1 


1.1 


1.802 


1.802 




5.958 




5.958 


0.00408 


0.00408 


0.0040S 


0.00408 






0.000084 


0.000084 


0.0013 


0.0013 


0.0013 


0.0013 






0.000161 


0.000161 


0.11 


0.1 1 


0.11 


0.11 


0.00021 


0.00021 


0.00021 


0.00021 


0,00073 


0.00073 


0.00073 


0.00073 


1.2 


1.2 


1.176 


1.176 


9.8 


15.2 


10.7 


16.2 



Formulas continued next page 
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Nutrient Mixtures (Ham) continued 



rnMPONENT 

INORGANIC SALTS 

CaCI 2 *2H 2 0 

CuS0 4 -5HP 

FeS0 4 -7H 2 0 

MgCl*6H 2 0 

MgS0 4 

KCl 

KH 2 P0 4 

NaHC0 3 

NaCl 

Na 2 HP0 4 

ZuSCWHjO 

AMINO ACIDS 

L- Alanine 

L-Argininc-HCl 

L-Asparagine-HaO 

L-Aspartic Acid 

L-Cysteine*Ha»H 2 0 

L-Glutamic Acid 

Glycine 

L-Histidine»3HCl-H 2 0 

L-lsoleucine 

L-Leucine 

L^Lysine»HCl 

L-Methioaine 

L-Phenylalanine 

L-Proline 

L-Serine 

L-Threonine 

^Tryptophan 

^-Tyrosine 2Na*2H 2 0 

L-Valine 

VITAMINS 

D-Biotin 

Choline Chloride 

Folic Acid 

myo-lnositol 

Niacinamide 

D-Pantothenic Acid *'/Ca 

Pyridoxroe-HCl 

Riboflavin 

Thiamine*HCl 

Vitamin B-12 

OTHER 

D-Glucose 

HEPES 

Hypoxanthine 

Linoleic Acid 

Phenol Red (sodium) 
PutresciwHCl 
Pyruvic Acid (sodium) 
Thioctic Acid 
Thymidine 

Formulas continued next page 



N6013 
(F-10) 
IIXJ 

• 


N2147 
(F-10) 
11X1 

g/L 


N4888 
CF-12) 

lixi 


N8641 
(F-12) 
[IX] 

8/L 


0.0441 


0.0441 


0.0441 


0.0441 



0.0000025 
0.000334 

0.07464 
0.285 
0.083 
1.2 
7.4 
- 0.1537 
0.0000288 



0.0000025 
0.000834 

0.07464 

0.285 

0.083 

7.4 

0.1537 
0.0000288 



0.0000025 
0.000834 
0.123 

0224 

1.176 
7.599 
0.14204 
0.000863 



O.O00OO25 
0.000834 
0.123 

0.224 

1.176 
7.1 

0.14204 
0.000863 



0.009 


0.009 


0.009 


0.009 


0211 


0211 


0211 


0211 


0.01501 


0.01501 


0.01501 


0.01501 


0.0133 


0.0133 


0.0133 


0.0133 


0.035 


0.035 


0.035 


0.035 


0.0147 


0.0147 


0.0147 


0.0147 


0.00751 


0.00751 


0.00751 


0.00751 


0.021 


0.021 


0.02096 


0.02096 


0.0026 


0.0026 


0.00394 


0.00394 


0.0131 


0.0131 


0.0131 


0.0131 


0.0293 


0.093 


0.0365 


0.0365 


0.00448 


0.00448 


0.00448 


0.00448 


0.00496 


0.00496 


0.00496 


0.00496 


0.0115 


0.0115 


0.0345 


0.0345 


0.0105 


0.0105 


0.0105 


0.0105 


0.00357 


0.00357 


0.0119 


0.0119 


0.0006 


0.0006 


0.00204 


0.00204 


0.00261 


0.00261 


0.00778 


0.00778 


0.0035 


0.0035 


0.0117 


0.0117 



0.000024 


0.000024 


0.0000073 


0.0000073 


0.000698 


0.000698 


0.01396 


0.01396 


0.00132 


0.00132 


0.00132 


0.00132 


0.000541 


0.000541 


0,018 


0.018 


0.000615 


0.000615 


0.000037 


0.000037 


0.000715 


0.000715 


0.00048 


0.000238 


0.000206 


0.000206 


0.000062 


0.000062 


0.000376 


0.000376 


0.000038 


0.000038 


0.001 


0.001 


0.00034 


0.00034 


0.00136 


0.00136 


0.00136 


0.00136 




1.1 


1.802 


1.802 




4.77 




5.958 


0.00408 


0.00408 


0.00408 


0.00408 






0.000084 


0.000084 


0.00)3 


0.0013 


0.0013 


0.0013 






0.000161 


0.000161 


0.11 


0;ll 


0.11 


0.11 


0.00021 


.0.00021 . 


0.00021 


0.00021 


0.00073 


0.00073 


0.00073 


0.00073 
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Nutrient Mixtures (Ham) continued 



COMPONENT 
ADD 

L-Glulamine 
Sodium Bicarbonate 



N6013 
(F-10) 

uxi 

g/L 
0.146 



N2147 
(F-10) 
|1X] 

0.146 



N 4888 
(F-12) 
|1X1 

0.146 



N8641 
(F-12) 

lixi 

0.146 



f^Tc^l^ An immoved Nutrient Solution for Diploid Chinese Hamster and Human Cell Lines. Exp. Cell Res 29 .515-526 
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Modulation of murine melanocyte function in vitro 
by agouti signal protein 



Chie SakaP, Michael Ollmann 2 , 
Takeshi Kobayashi 1 - 3 , Zalfa Abdel-Malek 4 , 
Jacqueline Muller 5 , Wilfred D.Vieira 1 , 
Genji Imokawa 3 , Gregory S.Barsh 2 
and Vincent J.Hearing 16 

'Laboratory of Cell Biology. National Cancer Institute. National 
Institutes of Health, Bethesda, MD 20892, department of Pediatrics. 
Stanford University School of Medicine, Howard Hughes Medical 
Institute, Stanford. CA 94305, ^Department of Dermatology. 
University of Cincinnati, Cincinnati, OH 45267 and s Division of 
Virology, Center for Biologies Evaluation and Research, Food and 
Drug Administration, Bethesda, MD 20892, USA and 3 Kao Institute 
for Fundamental Research, Haga. Tochigi 321-34, Japan 

Corresponding author 

Molecular and biochemical mechanisms that switch 
melanocytes between the production of eumelanin or 
pheomelanin involve the opposing action of two inter- 
cellular signaling molecules, a-melanocyte-stimulating 
hormone (MSH) and agouti signal protein (ASP). In 
this study, we have characterized the physiological 
effects of ASP on eumelanogenic melanocytes in 
culture. Following exposure of black melan-a murine 
melanocytes to purified recombinant ASP in vitro, pig- 
mentation was markedly inhibited and the production 
of eumelanosomes was decreased significantly. Mela no- 
somes that were produced became pheomelanosome- 
like in structure, and chemical analysis showed that 
eumelanin production was significantly decreased. 
Melanocytes treated with ASP also exhibited time- 
and dose-dependent decreases in melanogenic gene 
expression, including those encoding tyrosinase and 
tyrosinase-related proteins 1 and 2. Conversely, melan- 
ocytes exposed to MSH exhibited an increase in tyrosin- 
ase gene expression and function. Simultaneous 
addition of ASP and MSH at approximately equimolar 
concentrations produced responses similar to those 
elicited by the hormone alone. These results demon- 
strate that eumelanogenic melanocytes can be induced 
in culture by ASP to exhibit features characteristic of 
pheomelanogenesis in vivo. Our data are consistent 
with the hypothesis that the effects of ASP on melano- 
cytes are not mediated solely by inhibition of MSH 
binding to its receptor, and provide a cell culture model 
to identify novel factors whose presence is required for 
pheomelanogenesis. 

Keywords: agouti/melanogenesis/pheomelanin/ 
pigmentation/tyrosinase 



Introduction 

The agouti (a) locus is one of >60 distinct genes that 
regulate coat color in mice (Silvers, 1979). The product 



of that locus (termed agouti signal protein, ASP) is 
produced by dermal papillae cells (Millar et aL y 1995) 
and is a paracrine factor that modulates the production of 
pigment by follicular melanocytes (Bultman et ai y 1992; 
Miller et ai, 1993). More specifically, it controls whether 
black/brown eumelanin or yellow/red pheomelanin is 
produced, although the mechanism by which this switch 
is effected is as yet unknown. In mice that carry the A 
allele, eumelanin is produced by all follicular melanocytes 
at the beginning of the hair growth cycle (i.e. from 0 to 
4 days). Transient expression of ASP from 4 to 6 days of 
the hair cycle causes melanocytes to produce pheomelanin 
instead of eumelanin; after 6 days, agouti gene expression 
is turned off and eumelanin is produced again. This pattern 
of pigment synthesis results in a yellow striped band near 
the tip of each hair shaft against a black background. 
Eumelanin and pheomelanin differ not only in their gross 
appearance, but also in their chemical composition and 
the ultrastructure of the melanosomes in which they are 
synthesized and deposited. Follicular melanocytes of 1- 
to 2-day-old agouti mice contain ellipsoid and fibrillar 
eumelanosomes, while follicular melanocytes of 4- to 
6-day-oId agouti mice contain ovoid and particulate pheo- 
melanosomes. Similar changes in pheomelanosomes and 
eumelanosomes have been confirmed in a number of 
mouse mutants which produce one or the other type of 
melanin (Prota etal y 1995). 

Mutations at the agouti locus can cause the production 
of all yellow or all black hair, depending on whether the 
mutation leads to overexpression/hyperfunction or non- 
expression/non-function of ASP, respectively (Perry et al y 
1994; Siracusa, 1994; Vrieling etaL, 1994). As examples, 
the dominant lethal yellow mutation (A*) results in the 
production of completely yellow hairs (Miller et al. y 1993; 
Duhl etai y 1994; Michaud etal. y 1994), while the recess- 
ive non-agouti (a) (Bultman et aL y 1994), lethal non-agouti 
(a x ) (Miller etal. 1994) and extreme non-agouti (a c ) 
(Hustad etal y 1995) alleles cause the production of 
completely black hairs. Consequently, the agouti locus 
has been recognized to have an important role in regulating 
the switch between the production of eumelanin or pheo- 
melanin by melanocytes. 

The biochemical action of ASP is controversial and has 
been the source of continuing debate (Conklin and Bourne, 
1993; Jackson, 1993; Yen e\al y 1994). Several studies 
(Lu etal y 1994; Blanchard etal y 1995; Willard et al. t 
1995; Siegrist et ai y 1996) have shown that ASP antagon- 
izes the action of a-melanocyte-stimulating hormone 
(MSH) in activating the melanocyte-specific MSH receptor 
(MC1-R), which suggests that the effect of the agouti 
locus on melanocytes is mediated by reduced signaling 
through the MC1-R, while its extrapigmentary effects 
may be mediated by reduced signaling through other 
melanocortin receptors. By contrast, the similarity of ASP 
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to the conotoxins and its ability to elevate intracellular 
calcium has also been noted (Manne etai, 1995; Willard 
etai t 1995; Zemel etaL, 1995; Perry etai, 1996), sug- 
gesting that some effects of ASP might be mediated by 
an alteration in calcium channels, a mechanism supported 
by Hunt and Thody (1995) who found that ASP antagon- 
izes the stimulation of melanogenesis by verapamil (a 
calcium modulator). 

In vivo, we have reported (Kobayashi et ai> 1995) that 
the expression and enzyme activity of tyrosinase was 
reduced in follicular melanocytes of lethal yellow mice 
and of 5- to 7-day-old agouti mice but that there was little 
or no expression or enzyme activity of tyrosinase-related 
proteins 1 (TRP1) and 2 (TRP2) during pheomelano- 
genesis. This pattern of expression is consistent with the 
fact that tyrosinase is required for both types of pigment 
synthesis, but expression of the two tyrosinase-related 
proteins (TRP1 and TRP2) is required only for eumelanin 
synthesis (Tsukamoto et al % 1992; Kobayashi etai y 1994; 
Winder etaL, 1994). 

We now describe studies examining the effect(s) of 
purified recombinant ASP on cultured melanocytes. 
Following treatment with ASP, eumelanogenic melano- 
cytes in culture exhibit physiologic features characteristic 
of pheomelanogenesis in vivo, thus providing an in vitro 
model for characterization of the mechanisms and genes 
involved in this switch. 

Results 

mRNA levels of melanogenic genes following 
treatment with ASP 

We initially examined whether ASP had any effect on 
steady-state mRNA levels of melanogenic genes using 
Northern blotting of melan-a melanocytes treated with 
varying concentrations of ASP for 24 h (Figure 1). There 
were significant dose-dependent decreases in the expres- 
sion of tyrosinase, TRP1 and TRP2 mRNAs following 
treatment with ASP at 10 and I nM. However, there was 
no significant effect on the level of mRNA for MC1-R at 
any ASP concentration tested. The numbers reported 
below the bands in each of the figures represent the 
quantitation of those bands by phosphoimager as a percent- 
age of control (means ± SEM in seven independent experi- 
ments) following correction for loading against 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
The EC 50 for ASP can be calculated at 5 nM based on 
these results; the EC 50 for MSH is 10 nM (McLane etal, 
1987, and our unpublished results). 

To examine the time course response of melanocytes 
to ASP, in subsequent experiments we treated the melan- 
a cells with 10 nM ASP for up to 11 days (data not 
shown). Dramatic decreases in the levels of tyrosinase, 
TRP1 and TRP2 mRNAs were again noted which 
approached 70-98% inhibition compared with controls 
following treatment for 2 or more days; maximum effects 
were usually noted within 2 days of treatment. Again, no 
effects were noted on MC1-R mRNA levels during the 
1 1 day time course of these experiments. 

Interaction between ASP and MSH 

As noted in the Introduction, there is evidence using MCI- 
R-transfected cells that ASP can act as an antagonist of 



Effect of agouti signal protein on melanogenesis 



10 1 0.1 0.01 nM 




100 48 i 5 60 * 6 8118 96 ± 16 % control 



TRP2 




100 32 t5 76±8 68±9 97 1 9 % control 
100 90119 9819 9*1 8 94112 % control 



GAPDH 




Fig, 1, Northern blot analysis of melanocytes exposed to different 
concentrations of ASP. Metan-a melanocytes were cultured in the 
absence (-) or presence of (10, 1, 0.1 or 0.01 nM) ASP for 24 h. RNA 
was isolated, elecirophoresed, blotted to membranes and probed for 
expression of melanogenic genes as detailed in Materials and methods 
(% control corrected for loading by GAPDH is shown below each 
band as the mean ± SEM of seven independent experiments). 



the MSH receptor. To examine directly the interaction 
between ASP and MSH in melanocytes, and to characterize 
further whether ASP might affect MSH signaling via a 
change in MCI-R receptor level, melan-a melanocytes 
were exposed to 10 nM ASP, 10 nM MSH or both for 5 
days (Figure 2). This time was chosen since 4 days of 
treatment is the standard time to obtain the maximal 
response to MSH (Jimdnez etal y 1988; Abdel-Malek 
etal, 1995) and since maximal responses to 10 nM ASP 
were also elicited by this time, as found in this study. We 
pre-treated the cells with ASP for 1 day prior to the start 
of MSH treatment in order to maximize the chances of 
seeing a competitive effect. Treatment with MSH alone 
produced a 2-fold increase in the level of tyrosinase 
mRNA, and lesser increases in TRP1 and TRP2 mRNA, 
but no significant change in the levels of MCI-R mRNA. 
On the other hand, treatment with ASP alone produced 
dramatic decreases in the levels of mRNAs for tyrosinase, 
TRP1 and TRP2, with no significant effect on the level 
of MCI-R mRNA. At equimolar 10 nM concentrations, 
addition of ASP and then MSH produced a response 
indistinguishable from that elicited by MSH alone, i.e. 
there was little or no antagonism of the MSH effect 
by ASP under these conditions. Measurements of the 
endogenous MSH concentration in the serum used for 
these experiments indicate that the residual MSH concen- 
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C.Sakai ef at. 



MSH 

MSH ASP ASP 



Tyrosinase $ 




tOO 198 1 10 43 ±13 193121 % control 




100 128 ± 6 3* t 5 147 1 11 % control 



TRP2 




100 1561 7 $2i 14 179 1 15 % control 
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Fig. 2. Northern blot analysis of interactions between MSH and/or 
ASP. Me Ian- a melanocytes were cultured in the absence (-) or 
presence of 10 nM MSH, 10 nM ASP or both (MSH/ASP) for 5 days. 
Results are presented as detailed for Figure 1. 
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Fig. X Metabolic labeling and immunoprecipitation analysis of 
melanocytes exposed to MSH and/or ASP. Melan-a melanocytes were 
metabolically labeled with l 35 S]methionine for 4 h after exposure to 
10 nM MSH, 10 nM ASP or both (MSH/ASP) for 5 days. The cells 
were solubilized, immunoprecipitated by antibodies, separated by gel 
electrophoresis and visualized by autoradiography, as detailed in 
Materials and methods. This experiment has been repeated four times 
with comparable results. 



(ration in the medium is <2 pM, several orders of 
magnitude less than the EC 50 for stimulation of tyrosinase 
activity or c AMP accumulation. Thus, these results confirm 
the ability of ASP to bring about physiologic changes in 
the absence of exogenously added MSH, and suggest 
further that the interaction of ASP and MSH is not 
mediated via an alteration in levels of expression of the 
MSH receptor itself. 

Regulation of me/anogenic protein expression by 
ASP 

Steady-state levels of RNA as measured by Northern blot 
hybridization do not reveal alterations in the expression 
of gene products that might occur due to modulation of 
protein levels or protein function. To examine the effects 
of ASP at the translational level, melan-a cells were 
cultured in the presence or absence of MSH and/or ASP 
for 5 days, metabolically labeled for 6 h with [ 35 S]methion- 
ine and then subjected to immunoprecipitation analysis 
(Figure 3). Synthesis of tyrosinase in response to MSH 
treatment is significantly increased (>3-fold), while syn- 
thesis of TRP1 and TRP2 is also increased, but to a lesser 
extent. After exposure to ASP alone, synthesis of TRP1 
and TRP2 was significantly suppressed, but we were 
unable to determine any inhibitory effect of ASP on 
tyrosinase synthesis, since, under these labeling conditions, 
the relatively slow synthesis of tyrosinase in the untreated 



control is virtually undetectable. Exposure to MSH and 
ASP together produced a pattern that did not differ 
significantly from MSH alone, results that are consistent 
with those obtained by Northern blot analysis. 

Melanogenic enzyme function 

To examine melanogenic enzyme levels following treat- 
ment of melanocytes with MSH and/or ASP, we performed 
Western blotting and enzyme assays under identical condi- 
tions. Western blotting (Figure 4) revealed that there were 
only moderate increases in the amount of tyrosinase, and 
little or no change in the levels of TRPI or TRP2, in 
response to MSH treatment alone. After exposure to ASP 
alone, there were dramatic and significant decreases in 
the amounts of tyrosinase, TRPI and TRP2 proteins; note 
that due to its relatively long half-life, tyrosinase protein 
in the untreated control is readily detectable by Western 
blotting. Enzymatic assays revealed that the catalytic 
functions of tyrosinase [i.e. tyrosine hydroxylase, 3,4- 
dihydroxyphenylalanine (DOPA) oxidase and melanin pro- 
duction] were increased dramatically after exposure to 
MSH, but were decreased to background levels after 
exposure to ASP (Table I). There was little impact of 
MSH on the protein levels of TRPI or TRP2 (or the 
enzyme activity of the latter, i.e. DOPAchrome tauto- 
merase), whereas ASP clearly diminishes the protein levels 
and catalytic function of both proteins to background 
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Fig. 4. Western blot analysis of expression of melanogenic proteins by 
melan-a cells exposed to MSH and/or ASP. Melan-a melanocytes were 
exposed to 10 nM MSH. 10 nM ASP or both (MSH/ASP) for 5 days: 
cells were then solubilized. and levels of melanogenic proteins were 
analyzed by Western immunoblotting, as detailed in Materials and 
methods. 

levels. Again, simultaneous addition of both ASP and 
MSH produced a response indistinguishable from that 
elicited by MSH alone. 

Structural characteristics 

After incubation of melan-a cells with 10 nM ASP, the 
color of the cell pellets was changed from black to light 
brown, reflecting the decreased pigmentation evident in 
ASP-treated cells at the light and electron microscopic 
levels (Figure 5). After treatment with MSH, pigmentation 
of the cells was markedly increased and eumelanosomes 
were more numerous. However, after exposure to ASP, 
the number of eumelanosomes in the melan-a melanocytes 
was decreased significantly, and pheomelanosome-like 
structures were more predominant. As might be expected 
from the results presented above, visible pigmentation and 
melanosome structure of melanocytes treated with the 
combination of ASP and MSH were indistinguishable 
from those treated with MSH alone (not shown). 

Chemical analysis 

Chemical analysis of the types of melanins being produced 
in response to ASP and/or MSH reveals that while MSH 
treatment increases the amount of eumelanin production 
at least 3-fold, it elicited only a slight (-10%) but 
statistically insignificant decrease in pheomelanin content 
(Table II). Interestingly, however, treatment with ASP led 
to a dramatic 10-fold reduction in eumelanin content while 
the amount of pheomelanin produced increased slightly 
(-5%, but again not statistically significant). 

cAMP responses 

The ability of ASP to inhibit eumelanin synthesis in the 
absence of exogenous MSH could be mediated by an 
MCl-R-independent mechanism, by antagonism of 
residual MSH present in the culture media or by inverse 



Tbble I. Enzyme activity of melanocytes following treatment with 
MSH and/or ASP 


Activity 


MSH only 
(X control) 


ASP only MSH + ASP 
(X control) (X control) 


Tyrosine hydroxylase 
DOPA oxidase 
DOPAchrome lautomerase 
Melanin production 


20.4 ± 7.8 
11.4 ± 1.0 
1.5 ±0.4 
10.4 ± 3.0 


0.0 ± 0.1 12.6 ±4.5 
0.0 ±0.2 11.7 ±1.4 
0.0 ±0.2 1.4 ±0.2 
0.1 ±0.0 9.0 ±2.3 



Melan-a melanocytes were treated with 10 nM MSH and/or 10 nM ASP 
for 5 days and then were harvested and solubilized; melanogenic enzyme 
activities of the extracts were then measured as detailed in Materials and 
methods. Results for the MSH, ASP and MSH + ASP treatments are 
reported as n-fold of control values ± SEM (n > 4 independent 
experiments). Control values were: tyrosine hydroxylase, 7.4 ± 0.6; 
DOPA oxidase. 17.3 ± 5.1; DOPAchrome lautomerase . 148 ± 54; and 
melanin production. 1.2 ± 0.4 (all in pmol/jig protein/h). 

agonism, i.e. a direct effect on the MC1-R itself independ- 
ent of and opposite to that of MSH. In any of those 
mechanisms, the effects of ASP are likely to inhibit 
downstream effectors of cAMP such as protein kinase A, 
since the MCI-R is a G protein-coupled receptor which 
activates adenylate cyclase in vitro and in vivo (Mountjoy 
etal, 1992; Jackson, 1993; Suzuki etai, 1996). To 
determine whether ASP could bring about a decrease in 
cAMP levels in the absence of exogenous MSH, we 
measured cAMP accumulation in melanocytes exposed 
for 40min to ASP alone or in combination with 10 nM 
MSH or 20 u.g/ml cholera toxin (which increases cAMP 
levels by ribosylation of G s protein). As shown in Figure 6, 
basal levels of cAMP accumulation in melan-a melano- 
cytes (4.9 ± 0.1 pmol/10 6 cells) were decreased slightly 
by the addition of ASP at 10 nM (3.9 ± 0.3 pmol/10 6 
cells) or 100 nM (3.4 ± 0.1 pmol/10 6 cells). There was a 
dramatic (35-fold) stimulation of cAMP following treat- 
ment of melanocytes with MSH, and this stimulation was 
partially inhibited by a 10-fold excess of ASP (i.e. at 
lOOnM ASP), and was reduced to a 13- fold increase 
above control. Cholera toxin elicited a 30-fold increase in 
cAMP accumulation, and this effect was reduced to 20- 
or 16-fold above control by simultaneous treatment with 
10 or 100 nM ASP, respectively. 

Discussion 

Mammalian hair color is determined primarily by the 
relative proportions of eumelanin and pheomelanin pro- 
duced by follicular melanocytes (Ozeki et a/., 1995; Prota 
etal, 1995). Ratios of eumelaninrpheomelanin of >1 
generally result in brown or black hair, the intensity of 
the color depending upon the total amount of melanins 
present. Eumelanimpheomelanin ratios of <1 result in the 
production of yellow or red hair. By those criteria, the 
melanins being produced by melan-a melanocytes under 
basal conditions, or following treatment with MSH, would 
be black or brown (i.e. eumelanic) while those produced 
following treatment with ASP would be yellow or red 
(i.e. pheomelanic). This result is quite reasonable since 
melan-a melanocytes were generated from non-agouti 
black mice and, in the absence of ASP, would be expected 
to produce eumelanin. Conversely, treatment of melan-a 
cells with ASP would be expected to induce pheomelano- 
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Fig. 5. Lighl and electron microscopy of melanocytes treated with MSH and/or ASP. Light (top row, all at initial magnification of 200X) and 
electron (bottom row, all at initial magnification of 80 OOOx) microscopy of melan-a melanocytes that were untreated (left), treated with 10 nM 
MSH (center) or with 10 nM ASP (right) for 5 days. Many melanosomes are found in the untreated control and the MSH-treated cells; at higher 
magnification, it can be seen that most have the typical elliptical shape with striated filaments thai are characteristic of eu melanosomes. Following 
treatment with ASP for 5 days, the numbers of melanosomes are significantly decreased, and many have pheomelanosome-like ovoid shapes with a 
more particulate internal matrix. 



genesis in vivo, and this occurs in tissue culture as well, 
suggesting that this in vitro system is an appropriate one 
mimicking physiological conditions. 

Much is known about the biochemistry and cell biology 
of eumelanogenesis. but a similar level of understanding 
has not been achieved for pheomelanogenesis due, in part, 
to the lack of an appropriate cell culture system. In 
vivo, MSH promotes the production of eumelanin, while 
expression of the agouti gene promotes the production of 
pheomelanin. In this study, we now show that purified 
recombinant ASP added to melan-a melanocytes in culture 
decreases the expression of several eumelanogenic genes, 
reduces the production of eumelanin and eumelanosomes 
and increases the production of pheomelanin and pheo- 
melanosome-like structures. These results establish an 
important tool with which to study pheomelanogenesis 
and, in addition, suggest that the biochemical action of 



MSH is not completely reciprocal to that of ASP. MSH 
stimulates the expression and function of tyrosinase but 
has little or no effect on TRP1 or TRP2; ASP on the 
other hand down- regulates all three of these melanogenic 
enzymes. 

The mechanism by which ASP acts remains controver- 
sial (Conklin and Bourne, 1993; Jackson, 1993; Zemei 
etal, 1995). While ASP clearly acts as a competitive 
antagonist of the MC1-R in heterologous cells, this 
mechanism alone cannot easily explain why ubiquitous 
overexpression of the agouti gene in vivo in lethal yellow 
mice affects pigmentation and regulation of body weight 
differently from recessive yellow mice which have a 
loss-of-function mutation of the MCI-R. Much of the 
controversy stems from the lack of a suitable in vitro 
assay system that accurately reflects the biological activity 
of the protein in vivo. Our results not only provide such 



3548 



Effect of agouti signal protein on melanogenesis 



Table II. Chemical analysis of melanins following treatment with 


MSH and/or ASP 










MSH only 


ASP only 


MSH + ASP 




(x control) 


(x control) 


(X control) 


Pheomelanin content 


0.91 ±0.13 


1.05 ± 0.02 


0.84 ±0.10 


Eumelanin content 


3J1 


0.10 


2.55 


Eumelanin/pheometanin 


3.42 


0.09 


3.04 



Melanins produced in the samples as described for Table I were 
subjected to chemical analysis as detailed in Materials and methods; 
pheomelanin content is estimated by analysis of aminohydroxy phenyl- 
alanine (AHP) derivative in the degraded sample, whereas eumelanin 
content is estimated by quantitation of the pyrrole-2.3.5-tricarboxylic 
acid (PTCA) derivative. In each experiment AHP analyses were 
performed routinely in duplicate, whereas PTCA analyses could only 
be performed once due to the sample size required. Results for the 
MSH, ASP and MSH + ASP treatments are reported as n-fold of 
control values (averages of two independent measurements). Control 
values were: pheomelanin content, 169 ng/mg protein; eumelanin 
content, 179 ng/mg protein. 



an assay system, but also shed insight into the underlying 
mechanism, since the ability of purified ASP to induce 
pheomelanogenesis in eumelanic melanocytes demon- 
strates that ASP alone is sufficient to elicit such changes 
and that cytokines, growth factors, endothelins and other 
constituents of the epidermis or hair bulbs are not required. 
This study now confirms the antagonism of ASP on MSH- 
induced stimulation of cAMP in melanocytes, but also 
shows that ASP has physiologic effect(s) in the absence 
of exogenous MSH. 

Two of the genes we have examined, TRP1 and TRP2, 
encode enzymes that catalyze specific distal steps in the 
eumelanogenic pathway, and we have shown previously 
that expression of these genes ceases during pheomelano- 
genesis in vivo. The enzymatic activity of the third member 
of the TRP family, tyrosinase, is required for both types 
of pigment synthesis; tyrosinase is also down-regulated 
during pheomelanogenesis in vivo, though not to the same 
extent as TRP1 and TRP2. The changes in gene expression 
we have described here for melan-a cells treated with ASP 
are similar to those that occur during pheomelanogenesis 
in vivo, although in vitro ASP has a comparable down- 
regulatory effect on tyrosinase, TRPl and TRP2. This 
discrepancy may be caused by intrinsic differences 
between melan-a cells, which were derived from neonatal 
epidermis, and hair follicle melanocytes. Epidermal and 
hair follicle melanocytes arise from the same pool of 
precursor melanoblasts, but could later acquire changes 
in cell surface receptors or intracellular signaling that affect 
their pheomelanogenic potential. In addition, extrinsic 
differences could help to explain why pheomelanin is 
produced within and not between hair follicles, and 
treatment of melan-a cells with paracrine factors unique 
to the follicular microenvironment may identify molecules 
that function in addition to and/or downstream of ASP 
that promote pheomelanogenesis. 

The results of chemical analyses of melanins produced 
in the presence or absence of MSH and/or ASP in vitro 
clearly demonstrate the effect of MSH in stimulating 
eumelanin synthesis with a negligible effect on pheomel- 
anin production. MSH thus elicits a marked increase in the 
percentage of eumelanin produced and thus dramatically 




• MSH CT 
♦ 100 nM ASP 



Rg. 6. Effects of ASP. MSH and cholera toxin on cAMP 
accumulation. Melan-a melanocytes were cultured to subconfluence, 
then incubated for 40min in the presence of MSH (at 10 nM), cholera 
toxin (CT. at 20 ug/ml) and/or ASP (at 1 0 or 1 00 nM), then assayed 
for cAMP concentration as detailed in Materials and methods; results 
are reported as pmol/l0 6 cells ± SEM (n = 6). 

decreases the percentage contribution of pheomelanin to 
the total melanin. ASP, on the other hand, caused a 
significant decrease in eumelanin production while at the 
same time slightly stimulating pheomelanin synthesis, 
resulting in a dramatic increase in the percentage contribu- 
tion of pheomelanin (91%) to the total melanin content. 
The lack of correlation of pheomelanin production with 
tyrosinase mRNA synthesis or enzyme function argues 
strongly that an as yet undiscovered enzyme or regulatory 
point is at least partly responsible for pheomelanin content. 
Why eumelanogenic melanocytes, when introduced into 
culture, produce significant levels of pheomelanin in the 
absence of exogenously added ASP, is not known at this 
time, although it has been noted previously (Sato etaL, 
1985a; Hunt etaL, 1995). The latter report showed that 
human melanocytes introduced into culture produced sig- 
nificant levels of pheomelanin that did not correlate with 
the racial origin of those melanocytes. It is possible that 
nutrient concentrations in the media that are not present 
in the epidermal microenvironment play a role in this 
determination, but further study will be necessary to 
resolve this point. 

Several hypotheses have been put forward to explain 
the mechanism of ASP action, including competitive 
antagonism for MSH binding, binding to an as yet unidenti- 
fied 'agouti receptor' or modulation of calcium flux. 
Distinguishing between these alternatives is difficult since 
virtually all of the effects of ASP, including those reported 
here, can be reversed by the addition of exogenous MSH. 
Our results demonstrate that ASP antagonizes MC1-R 
signaling, but effects of ASP treatment can be observed 
in the absence of exogenous MSH. Our findings are 
unlikely to be explained by the presence of residual 
MSH in the culture medium since the concentration of 
endogenous MSH in the medium is 1000-fold below the 
EC 50 for MSH, but could be accounted for by inverse 
agonism, particularly if the MC I -R has a significant degree 
of constitutive activity. The hypothesis that the action of 
ASP is independent of MSH but not of the MC1-R could 
be addressed by studies of normal melanocytes cultured 
from non-mutant animals and those that carry the recessive 
yellow (Mclr*) mutation. The stage is now set for critical 
studies to characterize the regulation of gene expression 
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Coomassie Blue Silver Staining 

Fig. 7. Purity of recombinant ASP used in these studies. ASP was 
expressed in a bacutovims system, purified and separated by SDS 
electrophoresis on 15% acrylamide gels as detailed in Materials and 
methods. The position of molecular weight markers (M) is shown, as 
is a buffer control (-); I fxg of ASP was used on the Coomassie 
Blue-stained gel (left) while 0.1 pg of ASP was used in the 
silver-stained gel (right). 

and cellular signaling mechanisms triggered by MSH 
and ASP that modulate the pheomelanogenic switch in 
melanocytes. 

Materials and methods 

Cells and cell culture conditions 

The melan-a melanocyte line, derived from C57BI non-agouti black 
mice, was a kind gift from Dr Dorothy Bennett, London, and was 
cultured in Dulbecco's minimal essential medium with additives as 
described by Bennett etai (1987). Cells were usually seeded at 1.5 X \Cfi 
cells per 15 cm diameter dish. For 24 h experiments, we added ASP 
and/or MSH immediately, while for the 5 day experiments, we added 
ASP immediately, and MSH was added starting on the next day. The 
concentrations of ASP and MSH used ranged from 0.01 to 10 nM, as 
detailed in the figure and table legends. The cells were cultured routinely 
at 37°C in a humidified incubator with 5% CO2. and all media were 
changed daily. Cells were harvested by brief treatment with trypsin/ 
EDTA. and used for subculture, or were processed for RNA. protein or 
enzyme analysis, as detailed below. 

Agouti signal protein 

Recombinant mouse ASP was generated and purified using a baculovirus 
expression system as described in Ollmann et al (in preparation). The 
ASP used for the experiments is ^90% pure, as estimated by analysis 
of gels stained with Coomassie Blue or silver stain (Figure 7), and 
inhibits activation of the MC1-R with a K\ of 2.2XIO"' 0 M. At 37°C. 
ASP retains activity for >48 h in water or tissue culture media. The 
experiment described in Figure 2 has also been repeated with an ASP 
preparation &99% pure with virtually identical results. 

Electron microscopy 

Cells were harvested, centrifuged for 5min at 14 000 g at 4°C. and 
fixed for 2 h at 23°C in 2% glutaraldehyde-2% paraformaldehyde in 



0.1 M sodium cacodylate buffer, pH 7.3. The samples were stored in 
phosphate-buffered saline (PBS) containing 2% sucrose at 4°C, then 
processed with graded alcohols and embedded in epoxy resin in the 
usual manner. Thin sections were stained with uranyl acetate and lead 
citrate, viewed and photographed with a Zeiss EM 10 electron microscope, 
as previously detailed (Prota et al t 1995). 

RNA isolation and Northern blotting 

Total RNA was extracted from cells using an RNeasy total RNA isolation 
kit (QIAGEN, Caisworth, CA), following the manufacturer's instructions. 
Twenty jig of total RNA were denatured, eleorophoresed through 1.0% 
agarose gels and transferred overnight at 23°C to SureBlol nylon 
hybridization membranes (Oncor, Gaithersburg, MD) in the standard 
manner. Filters were pre- hybridized for 3 h at 45°C with Hybriso! I 
solution (Oncor), and then hybridized with 32 P-labeled probes. A 2.0 kb 
EcoRl fragment of TYRS-J. a 1.7 kb WindlM fragment of pMT4, a 
1.75 kb EcoRl fragment of TRP2a and a 2.1 kb BamHl-Sal\ fragment 
of A26 were used to detect tyrosinase, TRP1, TRP2 and MCI -R mRNAs, 
respectively. TyRS-J was obtained from Drs Hiroaki Yamamoto and 
Takuji Takeuchi. Sendai, Japan; pMT4 was obtained from Dr Shigeki 
Shibahara, Sendai, Japan; TRP2a was obtained from Dr Ian Jackson, 
Edinburgh, UK; A26 was obtained from Dr Roger Cone. Oregon. A 
commercially available cDNA probe specific for GAPDH was used to 
standardize RNA loading on the blots. The cDNA probes were labeled 
using random primer extension and heated to IOO°C for lOmin. then 
cooled on ice for lOmin prior to adding to the hybridization solution. 
Hybridization was performed with the radiolabeled probes in Hybriso) 
I (3X10 7 c.p.mVIO ml) overnight at 45°C with gentle shaking. Following 
incubation, the blots were washed for lOmin at 23°C with 2X SSQ 
10% SDS, for lOmin with 0.2x SSC/0.5% SDS and finally for 10 min 
with O.lx SSC/0.1% SDS. Blots were exposed in phosphoro imager 
cassettes at 23°C for 1 h and the densities of the bands were scanned 
using ImageQuam software. The percentage control for each probe was 
corrected for initial loading using comparison with the GAPDH standard. 
Residual probes were then removed by repeated washings for 15 min at 
100°C in 0.1 X SSC/0. 1 % SDS in 10 mM Tris, pH 7.0 until no remaining 
probe could be delected. 

Metabolic labeling and immunoprecipitation 
These techniques were performed as previously reported (Tsukamoto 
ctaL, 1992; Aroca ctaL t 1993). Briefly, subconfluent cells growing in 
10 cm diameter dishes were pre- incubated for 1 h at 37°C in methionine- 
free medium, and then radiolabeled for 6h with 0.4 mCi/flask of 
("Slmethionine. The cells were then harvested and solubilized for I h 
at 4°C with NP-40/SDS buffer (1% NP-40, 0.01% SDS, 0.1 M Tris- 
HC1. pH 7.2, 100 ftM phenylmethylsulfonyl fluoride, I u.g/ml aprotinin). 
The cell lysates were then centrifuged for 15 min at 14 000 g at 4°C. 
and the supernatants were pre-lreated overnight at 4 6 C with normal 
rabbit serum and GammaBind G Sepharose (Pharmacia/LKB, Piscataway, 
NJ) to reduce background. Then 5X10 6 c.p.m. of each pre-absorbed 
supernatant were incubated with 10 ul of rabbit antibodies generated 
against peptides corresponding to the unique carboxyl sequences of the 
three melanogenic proteins studied; ihey are termed aPEP). aPEP7 and 
ctPEP8. which recognize TRP1. tyrosinase and TRP2. respectively 
Cftukamoto etai, 1992). Following incubation at 37°C for 1 h, 50p.l 
of GammaBind G Sepharose was mixed in each tube for 20 min at 
23°C. and the immune complexes were washed four limes with NP-40/ 
SDS buffer at 23°C and then denatured in SDS sample buffer by heating 
to 100°C for 3 min. Specifically bound proteins were then analyzed by 
SDS-PAGE and visualized by autoradiography. 

Western immunobtotting analysis 

Cells in tissue culture were harvested and solubilized for 1 h at 4°C 
with NP-40/SDS buffer, then centrifuged at 14 000 g for 15 min at 4°C, 
and the supernatants were recovered. Proteins from the NP-4Q/SDS- 
solubilized cells were separated on 7.5% SDS gels, and then transferred 
electrophoretically to polyvinylidene difluoride membranes (Immobilon- 
P, Millipore Corp., Bedford. MA). Following blocking overnight at 23°C 
in 3% bovine serum albumin in TBS/TVeen (0.1% Tween-20 in Tris- 
buffered saline), the blots were incubated with primary antibodies (at 
1:1000 dilution in TBS/Tween). Following four washes in TBS/Tween 
to reduce non-specific binding, subsequent visualization of specific 
antibodies bound was carried out with Enhanced ChemiLuminescence 
(Amersham Corp.. Arlington Heights, 1L) according to the manufacturer's 
instructions. 
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Melanogenic enzyme assays 

Melanogenic assays were carried oul routinely on NP-407SDS-soluble 
extracts (obtained as above) at pH 6.8, 37°C for 60min. To determine 
tyrosinase activity, the tyrosine hydroxylase assay was used to measure 
iritiated water produced during the hydroxylation of L-f3,5- 3 H]tyrosine 
to DOPA (Hearing. 1987). For DOPA oxidase activity, the production 
of acid- insoluble melanin product from [3- l4 C)DOPA was measured 
(Aroca etal, 1993). To determine DOPAchrome tautomerase activity, 
the disappearance of DOPAchrome substrate and the production of 5,6- 
dihydroxyindole-2-carboxylic acid (DH1CA) rather than 5,6-dihydroxy- 
indole (DHI) was measured by HPLC (Tsukamoto etal, 1992). To 
determine melanin production, the (U- ,4 C]iyrosine assay (Hearing, 1987) 
was used. All radioactive precursors were obtained from DuPont-New 
England Nuclear. DOPAchrome was prepared using the silver oxide 
method, and DHI and DH1CA used as standards were obtained from 
Pierce Chemical Co. (Rockford, 1L) and from Professor Shosuke ho, 
Nagoya. Japan. The pmoles of product of the assays were calculated 
from radioactivity measured or by comparison with standard curves. 

cAMP assays 

These assays were performed as previously detailed (Suzuki et al. 1996). 
Briefly, cells were plated into 24- well plates at 3 x 10 s cells per well and 
allowed to grow for 48 h with a single change of medium. The media 
were then removed from each well, and the cells were incubated for 
40 m in in the presence of MSH, ASP and/or cholera toxin, following 
which the reactions were stopped with 1 M HCI. Each sample was then 
acetylated by the addition of trie thy lam ine and acetic anhydride, and the 
amount of cAMP was determined by radioimmunoassay as previously 
detailed (Liggett et al, 1989). 

Chemical analysis 

Chemical degradation and analysis of eumelanin and pheomelanin 
contents were performed and quantitated as previously reported (I to and 
Fujita. 1985). 
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Inhibition of Melanosome Transfer Results in Skin Lightening 1 
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The chemical basis of melanogenesis is well docu- 
mented, but the mechanism of melanosome transfer 
and the regulation of pigmentation by keratinocyte— 
melanocyte interactions are not well understood. 
Therefore we examined the effects of serine protease 
inhibitors on skin pigmentation and found that the 
protease-activated receptor 2, expressed on keratino- 
cytes, may regulate pigmentation via keratinocyte- 
melanocyte interactions. Here we show that modula- 
tion of protease-activated receptor 2 activation 
affects melanosome transfer into keratinocytes, 
resulting in changes in pigment production and 
deposition. SLIGRL, the protease-activated receptor 
2 activating peptide, enhanced melanosome ingestion 
by keratinocytes, thus increasing pigment deposition. 
RWJ-50353, a serine protease inhibitor, led to 
reduced pigment deposition in melanocytes and 



depigmentation. Electron microscopy studies illu- 
strated an accumulation of immature melanosomes 
inside melanocytes and abnormal dendrite dynamics 
in RWJ-50353-treated epidermal equivalents. RWJ- 
50353 induced a visible and dose-dependent skin 
lightening effect in the dark-skinned Yucatan swine. 
Examinations by electron microscopy indicated that 
the in vivo transfer of melanosomes from melano- 
cytes to keratinocytes was affected. Our data suggest 
that modulation of keratin ocyte-m elan ocyte interac- 
tions via the protease-activated receptor 2 pathway 
affects melanosome transfer. The use of RWJ-50353 
to modulate protease-activated receptor 2 activation 
could lead to a new class of depigmenting agents. 
Key words: PAR-2 / R WJ-50353 . J Invest Dermatol 
115:162-167, 2000 



Melanin synthesis within melanosomes and their 
distribution to keratinocytes within the epidermal 
melanin unit determine skin pigmentation. The 
essential role of keratinocytes in the regulation of 
melanocyte growth and differentiation has been 
demonstrated (Donatien et at, 1993) but the regulation of keratino- 
cyte-m elan ocyte interactions and the mechanism of melanosome 
transfer into keratinocytes are not yet fully understood. 

Concerns of changes in skin color are frequently raised for 
medical or cosmetic reasons. Pigmentary disorders can be inherited 
(e.g., vitiligo, Waardenburg syndrome), acquired (e.g., postin- 
flammatory pityriasis alba, idiophatic guttate hypomelanosis, 
melasma), medication related (e.g., minocycline, bleomycin, 
busulfan, zidovudine), and transmitted through infection (e.g., 
tinea versicolor). Changes in skin color are also desired for cosmetic 
reasons. Hyperpigmentation disorders are often treated with 
hydroquinones, retinoids, and tyrosinase inhibitors, but results of 
such treatments are sometimes disappointing (Hacker, 1996). 

The protease-activated receptor 2 (PAR-2) (Nystedt et at, 1994, 
1995a) is a seven transmembrane G-protein-coupIed receptor that 
is activated by a serine protease cleavage. The newly created N- 
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terminus then activates the receptor as a tethered ligand. PAR-2 is 
also activated by SLIGRL, the peptide that corresponds to its new 
N-termini, independent of receptor cleavage (Nystedt et al, 1995b; 
Bohm et at, 1996). PAR-2 is expressed in skin (Santulli et at, 1995), 
but its biology is not yet completely understood. A role for PAR-2 
activation in the inhibition of keratinocyte growth and differentia- 
tion has been suggested (Derian et at, 1997). We have recently 
demonstrated that the PAR-2 pathway is involved in the regulation 
of pigmentation (Seiberg et al, 2000). 

Here we show that serine protease inhibitors that interfere with 
PAR-2 activation induce depigmentation by affecting melanosome 
transfer and distribution. Such agents may serve as an alternative 
treatment for depigmentation. 



MATERIALS AND METHODS 

Cells and cultures Epidermal equivalents containing melanocytes 
(equivalents) (MelanoDerm) were from MatTek (Ashland, MA) and 
were maintained according to the manufacturer's instructions. Murine 
Melan-A cells (a kind gift from Dr. D. Bennett) were maintained according 
to Bennet et at (1987). Human HaCaT keratinocytes (a kind gift from Dr. 
N. Fusenig) were maintained according to Boukamp el at (1988). Cell 
growth and viability were assayed using an MTS proliferation assay kit 
(Promcga, Madison, WI) and alamarBlue (Accumed International, 
Chicago, IL), respectively, following the manufacturers 1 instructions. No 
SLIGRL and RWJ-50353 treatments resulted in no change in cell viability 
or proliferation (not shown). RWJ-50353 (Costanzo ct at, 1996) and 
SLIGRX were dissolved in phosphate-buffered saline (PBS) for in vitro 
srudies. All in vitro experiments were performed in triplicate and were 
repeated at least three times. 
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Figure 1. The effect of RWJ-50353 and 
SLIGRL on pigmentation in individual mela- 
nocytes. Equivalents were treated with SLIGRL 
(lOflM) and with RWJ-50353 (0.1 flM) for 3 d, 
followed by F&M staining of histologic sections. 
Melanocytes were from a Hispanic donor. Images 
of individual melanocytes are shown. Left panels, 
untreated control; middle panels, RWJ-50353; right 
panels, SLIGRL. Scale bar 10p.m. 
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Figure 2. The PAR-2 pathway affects melanosome ingestion by kerarinocytes. Melanosomes were isolated from Melan-A cells according to Orlow 
et al (1994). Images of HaCaT kerarinocytes untreated (a) or treated with SLIGRL (lOuJvl, b) or RWJ-50353 (lOnM, e) for 2 d. followed by a 2h 
incubation with the isolated melanosomes, extensive wash, and F&M staining. Scale bar. 10 Jim. (rf) Melanin area per cell, quantified by image analysis. 



Melanosome isolation and transfer Melanosome isolation was 
performed according to Orlow et al (1994). Briefly. MeJan-A cells were 
harvested in PBS supplemented with 10% (wt/vol) glucose (Sigma) and 
protease inhibitors (Complete, Boehringer Mannheim, Indianapolis, IN). 
CeU suspensions were homogenized on ice until cells were disrupted, and 
centrifuged at 500g, lOmin (4°C) to remove nuclei. Supematants were 
supplemented with 90% (vol/vol) Percoll (Sigma) suspended in 0.25 M 
sucrose buffer (lOmM HEPES, ImM ethyl enediamine tetraacetic acid, 
pH 7.2) to yield a final 28% Percoll concentration and were centrifuged at 
10,000^, 45min (4°C). Melanosome band was removed with a 25 gauge 
needle and' syringe and stored at 4°C until use. Pretreated HaCaT 
kcratinocytes were incubated with the isolated melanosomes for 2 h, 
followed by 10 PBS washes and Fontana-Mason (F&M) staining. 

Histology, image analysis, and electron microscopy Sections from 
swine biopsies and equivalents were stained with hematoxylin and eosin 
(not shown) or F&M, and monolayer cultures were stained with F&M 
(Sheehan and Hrapchak, 1980). F&M detects silver nitrate reducing 
molecules, which in skin identifies primarily melanin. At least three sections 
per equivalent or biopsy, three equivalents per experiment, were processed. 
At least 100 cells were used for each melanosome transfer group. Each 
experiment was repeated three times. Data are presented as the average of 
all experiments, with standard deviation (Sigma Plot 5.0, SPSS Science. 



Chicago, 1L). F&M- or dihydroxyphcnylaJanine-stained sections, intact 
equivalents, or monolayers were used for image analysis. Empire Images 
database 1.1 was used on a Gateway 2000 P5-100 computer (Media 
Cybernetics, Silver Springs, MD). Image Pro plus version 4.0 was used for 
capturing images and image analysis. Parameters measured were the surface 
area of silver deposits and the tissue area or cell number, and the ratio of 
silver deposits per area or per cell was calculated. A value of one was 
assigned to untreated controls, and values of treatment groups were 
normalized to their relevant controls. Statistical analysis was done using 
SigmaStat 2.0 (SPSS Science) software. In all experiments there was no 
difference between PBS-rreated equivalents and untreated controls (not 
shown). Electron microscopy was performed using standard protocols, as 
described by Piekos (1989). 

Animals Yucatan swine were from Charles River (Maine). Swine were 
housed in appropriately sized cages in an environmentally controlled room 
with a 12 h light, 12 h dark photoperiod and were supplied with food and 
water ad libitum. Animal care was based on the Guide Jot the Care and Use of 
Laboratory Animals, NIH Publication 85-23. Test compound or vehicle 
(ethanolrpropylene glycol mix. 70:30 wt/wt) was applied topically, twice a 
day, 5 d per wk, for 8-9 wk. Treatments of individual swine were always 
arranged in a head to tail order on one side, and in a tail to head order on 
the other side of the animal. Color measurements of treated sites and nearby 
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Figure 3. Electron microscopy analysis of the RWJ-50353 effect on equivalents. Representative melanosomes as identified in (a) control and (6) 
RWJ-50353 (100 nM) treated equivalents. (<) A melanocyte dendrite, containing melanosomes, inside an RWJ-50353-treated keratinocyte. Such structures 
could not be easily identified in untreated controls. Scatc bar. (a, b) 0.1 Jim; ( t ) 0.5 Jim. 
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Figure 4. RWj-50353-induced depigmentation in vivo. Yucatan swine were treated with vehicle (a), and lOuM (6), 50 uM <<). and 250 \lM (<f) of 
RWJ-50353 for 8 wk. (a) Picture of the swine (both sides) after 8 wk of treatment. (6) Chromameter measurements of skin color (L* scale, 0 = black, 
100- white) during the treatment phase. Both a dose response and a time response are observed. 



untreated regions were taken before the sun of treatments and every 2 wk, 
using a Minolta Chromameter model CR300 (Osaka, Japan). Biopsies were 
taken using standard techniques. Swine experiments were repeated with at 
least three individual swine. The reversal of depigmentation effect was 
repeated twice. 

RESULTS 

PAR-2 affects pigmentation via modulation of melanosome 
uptake Our previous studies suggest that the PAR-2 pathway 
affects pigmentation via kerarinocyte— melanocyte interactions 
(Seiberg et aj, 2000). As shown in Figl, treatment of 
mulrilayered equivalents with the PAR-2 peptide agonist 
SLIGRL induces pigmentation in individual melanocytes. 
Treatment with RWJ-50353 (Costanzo et al y 1996), a serine 
protease inhibitor that affects PAR-2 activation, results in decreased 
pigmentation. As PAR-2 is expressed in keratinocytes but not in 
melanocytes and as keratinocyte-melanocyte contact is required for 
the PAR-2 effect on pigmentation (Seiberg et al 2000), we tested 
the possible role of the PAR-2 pathway in melanosome uptake. 
Melanosomes isolated from MeJan-A cells (according to Orlow et al, 
1994) were incubated with HaCaT keratinocytes that were 
pretreated for 2 d with SLIGRL or RWJ-50353. As shown in 
Fig2(a)-(c), an increase in uptake of melanosomes by the 
keratinocytes was observed following SLIGRL treatment. 



Ingestion of melanosomes was inhibited following RWJ-50353 
treatment. Image analysis of the melanin area within the 
keratinocytes (Fig 2d) showed a 2.2-fold increase in melanosome 
uptake following PAR-2 activation, and an about 80% decrease 
following RWJ-50353 treatment (p = 0.006 and 0.002, 
respectively, t test). These results suggest that the keratinocyte 
PAR-2 is involved in melanosome uptake. 

Ultrastructural analysts of the RWJ-50353 effect Equivalents 
treated with RWJ-50353 were analyzed for melanosome formation 
and distribution using electron microscopy. As shown in Fig 3, 
melanosomes in melanocytes of the treated samples (Fig 3fr) were less 
mature and increased in number, relative to untreated controls 
(Fig 3a). Dendrites containing mature melanosomes were identified 
within treated keratinocytes (Fig 3c) in higher numbers (nine in 27 
fields) than in untreated controls (one in 25 fields). These data suggest 
abnormal melanosome formation and slow or impaired melanosome 
transfer into keratinocytes in the treated samples. 

A dose-dependent in vivo whitening effect of RWJ- 
50353 Pigmented Yucatan swine were topically treated with 
RWJ-50353 twice daily for 8 or 9 wk. Skin color was measured by 
chromameter before the start and throughout the treatment period. 
A visible whitening effect was observed starting at the fourth week 
(highest dose). By 8 wk all RWJ-50353-treated sites exhibited 
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FigureS. Histologic analysis of swine skin samples treated with RWJ-50353. Swine were treated as described in Fig 4 and biopsies were taken at the 
eighth week of treatment. F&M staining of skin sections revealed a dose-dependent reduction in melanin deposition at treated sites: (a) vehicle; {b)~{<!) 
lOjtM, 50|iM. and 250 |iM of RWJ-50353. Scale bar.20\lm. (e) Relative pigmentation, calculated as melanin area per epidermis area and normalized to 
untreated controls, obtained by image analysis of F&M-stained skin sections. 



whitening, with a saturation effect for the two highest doses 
(Fig4u). Chromameter measurements throughout this study 
(Fig 4b) showed that the saturation effect is time and 
concentration dependent. No signs of irritation were observed 
during the course of treatment. 

Histologic analysis of skin biopsies taken at the eighth week of 
treatment further confirmed the depigmenting effect of RWJ- 
50353 (FigSa-d). Reduced pigment deposition is observed in 
RWJ-50353-treated skin throughout the basal layer, as well as 
suprabasally. No other changes were observed in the treated 
sections, skin architecture was intact, and no inflammatory infiltrate 
was detected. Image analysis of F&M-stained sections (FigSf) 
demonstrated the dose-response lightening effect of RWJ-50353 > 
with statistically significant changes at 50 and 250 (p = 0.003, 
p < 0.001 , respectively, t test). 

The lightening effect of RWJ-50353 was reversible. Yucatan 
swine treated for 8 wk were followed visually with no treatment for 
a further 4 wk. Darkening of the depigmented sites was visible by 
the fourth week. Histologic analysis (Fig6a-c) showed a gradual 
increase in pigment production and distribution even before the 
visual observation of re-pigmentation. Image analysis of F&M- 
stained sections (Fig 6/) quantified this gradual re-pigmentation. 
Statistical analysis (t test) showed significant lightening (p = 0.003) 
following 8 wk of RWJ-50353 treatment (relative to control), and 
a slow increase in re-pigmentation weekly, which became 
statistically significant (relative to the 8 wk treatment time point) 
only after 4 wk (p = 0.003). 

Ultrastructural analysis of RWJ-50353-treated skin Skin 
samples from Yucatan swine treated with RWJ-50353 for 8 wk 
were analyzed by electron microscopy. Melanosomes within 
keratinocytes of treated sites were 30%-40% smaller and less 
pigmented compared with controls (Fig7a-c). Only single 
melanosomes, and no melanosome complexes, were observed in 
either the control or the treated sites. Moreover, the distribution of 
melanosomes within the treated skin was abnormal. Melanosomes 
were detected mainly at the epidermal-dermal border, compared to 
a more random distribution in the untreated controls (Fig 7d t c). 

DISCUSSION 



Various pigmentary disorders and cosmetic applications require the 
use of depigmenting agents. Currently available topical agents used 



for the reduction of pigmentation include tyrosinase inhibitors and 
melanocyte-cytotoxic agents (reviewed in Jirnbow and Jimbow, 
1998). Although advances have been made, there is currendy a 
need for safer, more effective, and less irritating depigmenting 
therapies. Basic understanding of the regulation of pigment 
production and distribution could aid in the identification of 
alternative depigmenting agents. 

The process of melanogenesis is well studied. Melanin is 
produced within melanosomes, which later migrate into the 
melanocyte's dendrite tips using myosin V fdaments (Wei ct a/, 
1997) and a dynein " motor" (Ogawa tt at t 1987). The regulation of 
pigment production by keratinocyte— melanocyte interactions and 
the subsequent transfer and distribution of pigment into keratino- 
cytes, however, are not well understood. Several mechanisms for 
melanosome transfer from the dendrite tips into the keratinocytes 
have been suggested, including phagocytosis, release of melano- 
somes into intercellular spaces followed by endocytosis, direct 
inoculation ("injection"), and keratinocyte-melanocyte membrane 
fusion. No molecular mechanism has been identified for melano- 
some transfer (reviewed in Yamamoto and Bhawan, 1994; Jimbow 
and Sugiyama, 1998). 

As PAR-2 modulation affects pigmentation only when a 
keratinocyte-melanocyte contact is established (Seiberg ct al y 
2000), we looked at the effect of the PAR-2 pathway on 
melanosome uptake by keratinocytes. Here we show the first 
molecular mechanism involved in melanosome uptake, as PAR-2 
affecting agents regulate the ingestion of melanosomes by 
keratinocytes in culture. Preliminary data not presented here show 
that PAR-2 affects keratinocyte ingestion of microspheres and 
Escherichia coli particles, suggesting a role for PAR-2 in keratinocyte 
phagocytosis. The keratinocyte receptor PAR-2 could therefore be 
a part of the regulatory mechanism of skin pigmentation. Synthetic 
compounds that affect the PAR-2 pathway are shown to modulate 
melanosome ingestion. RWJ-50353, a serine protease inhibitor that 
reduced melanosome uptake in culture, is shown to have a dose- 
dependent depigmenting activity in vivo t with no irritation or other 
side-effects. 

By studying the ultrastructural changes in melanosomes and their 
transfer following RWJ-50353 treatment, we identified the 
accumulation of melanosomes within treated melanocytes, with 
an increase in early stages and empty melanosomes. We also 
S^r-^M^r^X^ ?AYi Cr j? s £*'i n /"^"P^TS^ntaining dendrites within 
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Figured The depigmenting effect of RWJ-50353 is reversible. Yucatan swine were treated for 8 wk with 250 uM of RWJ-50353, and followed 
without treatment for a further 4 wk. Biopsies were taken before the start of treatment (d), after 8 wk (completion of treatment phase, 6), and at the ninth, 
tenth, and twelfth weeks (c-e, 1-4 wk after treatment was terminated). Scale bar. 12 Urn. F&M-stained seciions revealed re-pigmentation after treatment had 
been stopped, with no irritation or other side-effects. Differences in epidermal thickness result from the different sites of biopsies, and have no correlation to 
treatments. (/) Image analysis of F&M-stained sections was used to quantify pigmentation, relative to the untreated control. 




Figure 7. Electron micrpscopy analysis of Yu- 
catan swine skin treated with RWJ-50353. (a) 

A representative melanosome inside a keratinocytc 
of untreated swine skin, (fc), (<) Representative 
mehnosomes inside keratinocytes of RWJ-50353 
(250 U.M) treated swine skin are smaller and less 
pigmented than control ones, (a) A random distri- 
bution of mehnosomes in control swine epider- 
mis, (e) Mehnosomes of RWJ-50353 (250 |lM) 
treated swine skin are detected mainly at the epi- 
dermal-dermal border (marked). Scale bar (a-e) 
0.05 Jim; (rf, e) 0.8 Jim. 




treated keratinocytes. Although we cannot rule out other 
mechanisms, we suggest that neither melanosome formation and 
function nor dendrite penetration into the keratinocytes are direcdy 
affected by the drug. We propose that RWJ-50353-treated 
keratinocytes are unable to actively take or receive mehnosomes 
from the presenting dendrites. This keratinocyte "inability" leads to 
the accumulation of melanosomes in the melanocytes, and could 
possibly turn on a negative feedback mechanism that slows pigment 
production. Our earlier data document reduced TRP-1 expression 
following RWJ-50353 treatment (Seiberg et o/, 2000). Such a 
negative feedback mechanism could explain the reduced TRP-1 
expression, as TRP-1 is a major melanosomaJ glycoprotein. 
Following RWJ-50353 treatment the melanocytes contain more 
melanosomes than required for homeostasis, and therefore 
melanosome production, and TRP-1 synthesis, are reduced. The 
increase in pigment deposition within melanocytes following 
PAR-2 activation cannot be mechanistically explained by melano- 
some trafficking only, and requires further study. 

In vivo uhrastructural studies revealed an abnormal distribution of 
melanosomes in RWJ-50353-treated swine skin. The polarity of 
this distribution, at the dermal-epidermal border, could provide a 
clue to extracellular matrix components or adhesion molecules 



involved in melanosome transfer. It is not likely that melanosomes 
were released into the intercellular space, and were not taken 
immediately by keratinocytes, as such a mechanism should result in 
melanosome accumulation and skin darkening, which were not 
observed. Therefore, we assume that these melanosomes were later 
translocated into the keratinocyte using either a PAR-2-indepen- 
dent mechanism or a re-activated PAR-2. As in vivo we could not 
completely inhibit melanogenesis or pigment transfer with RWJ- 
50353 (up to 10 mM, twice daily treatment), we suggest that either 
the keratinocyte PAR-2 is not the only mechanism for melano- 
some transfer, or that PAR-2 is re-activated when RWJ-50353 
levels are reduced. It is important to note that in RWJ-50353- 
treated skin the transferred melanosomes are of poor quality, 
reflecting changes in melanosome formation and/or melanogenesis 
prior to their transfer. These changes agree with our suggested 
negative feedback mechanism, by responding to accumulation of 
nontransferred melanosomes with reduced new pigment produc- 
tion. Although the drug indirectly affected melanosome quality, it 
had no effect on the mode of melanosome transfer. As expected for 
dark skinned individuals, the dark skinned swine melanosomes 
were always transferred singly, and melanosome complexes were 
never observed, regardless of the treatment. 
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The epidermal-melanin unit, a functional unit that produces and 
distributes melanin (reviewed in Ortonne, 1995), is shown to have 
a role in the regulation of pigmentation. The keratinocyte PAR-2 
is involved in the regulation of melanosome transfer, and therefore 
affects skin pigmentation. Modulation of the PAR-2 pathway with 
serine protease inhibitors such as RWJ-50353 could offer an 
alternative to depigmenting therapies. 
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SUBCELLULAR LOCALIZATION OF MELANIN BIOSYNTHESIS 



M. Seiji,* K. Sbimaof 

Department of Dermatology, Harvard Medical School at the 
Massachusetts General Hospital, Boston, Mass. 

M. S. C. Birbeckf 

Chester BcaUy Research Institute, Institute of Cancer Research, 
Royal Cancer Hospital, London, England 

T. B. Fitzpa trick 

Department of Dermatalozy, Harvard Medical School at Die. 
Massachusetts General Hospital, Boston, M ass. 

Tyrosinase from different sources has different characteristics;' that ob- 
tained from plant tissue can usually be prepared in colloidal solution, while ^ 
that obtained from mammalian tissue is held by ultra microscopic, cytoplasmic , UJ 
particles. Localization of tyrosinase activity in suspensions of cell particles a; 
was first reported by Herrmann and Boss in 1945* in preparations of the ciliary g; 
body of the bovine eye. Later, in 1949, Lemer ct ol* also reported that in their 5. 
difTcrential-centrifugation studies of suspensions of homogenized Harding- ^ # 
Passey mouse melanoma, tyrosinase activity was found in the particulate frac- %l 
lion. They conjectured that the structural elements of this fraction were 
"microsomes, or particles the size of microsomes, which were formerly part of .,: 
larger aggregates that were dispersed during the experiments." The nature f 
of the particle to which tyrosinase is attached remained a mystery for the next *' 

ten years. . ^ 

Studies made with the eleclron microscope have led to the belief that melanin • £ 

granules and mitochondria are distinct cytoplasmic particles, 4 * 6 while biodiemi- \ 
cal assays and vital staining provided data suggesting that the melanized .. cj 

cytoplasmic particles present in suspensions of mouse melanoma are modified j ^ 

mitochondria. 7 * 8 The need for resolution of these differences of opinion has j; =i 

been emphasized by Dalton* and Birbeck and Barnicol' 0 who make a plea for H 
correlation of the findings in electronmicrographs with chemical data obtained ; y 

from melanin granules and mitochondria after they have been separated. Such : 
■ a study has been carried out with experimental procedures that provide a good 
separation of melanin granules and mitochondria. 

The experiments to be presented here provide conclusive data in support of 
the concept that melanin granules and mitochondria aTe distinctive subcellular 
particles in the mammalian melanocyte. . , 

Observations made by light and electron microscopy have led to the develop- 
ment of three major theories about the origin of melanin granules: the theory 
of nuclear origin? •» according to which granules are supposed to be composed 
of extruded nuclear material; the theory of mitochondrial origin?-*'" which has 
just been briefly outlined; and the theory of Golgi origin** - 15 which postulates 
that granules are formed in the Golgi apparatus during the early stages of their 

* Present address: Department of Dermatology, Juntendo Medical School, Tokyo, Japan, 
t Present address: Tokyo Medical and Dental University, Tokyo, Japan. 
J Present address: Chester BcaUy Research Institute, London, England. 
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development. Wissenfels has suggested still another theory according to 
which prepigmcnt granules are formed at multiple sites (Pigmmtbildungztn- 
tnm) in the cytoplasm." 

Most investigations of this problem have been largely morphological. Bio- 
chemical data are needed, however, for definition of the dynamic, metabolic 
pathways involved in the formation of melanin granules. An investigation is 
reported here in which ultracentrifugal separation of cell particles, incorpora- 
tion of radioactive tracers and elcclromicroscopy have all been employed to 
reveal the steps which may be involved in the formation of melanin granules. 
Preliminary reports of this work have already been published within the last 
few years." " Subsequent biochemical findings now justify an expansion of 
these concepts. Experimental data obtained in this scries of studies are all 
compatible with the hypothesis that tyrosinase is synthesized in "small gran- 
ules," which are presumably ribonucleoprotein particles, and subsequently 
transfered to and stored in melanosomes. 

Terminology of Specialized Organelles in Melanocytes 

Studies of the fine structure of the melanocyte have in the last four years 
altered I he concept of the nature of this cell. Barnicot and Birbeclc 4 were the 
first to point out that melanocytes contain a system of membranes similar to 
those seen in secretory cells. In addition, they have observed that melanin 
granules in the cytoplasm of the melanocyte are not of uniform structure, but 
appear to exist in varying stages of development; the granules start as "hollow 
vacuoles in which a tenuous material appears in the form of a folded lamella . . . 
the material is rapidly thickened and defined by the deposition of more dense 
material, until a solid body about twice the size of the original vacuole is 
formed." Subsequent studies of the fine structure of melanin granules 6 *" - 16 ' 1 9 
have confirmed and extended these findings. In the study reported here, the 
particles isolated from pigmented tissues by ultracentrifugal, density-gradient 
methods have been examined by both biochemical techniques and electron- 
microscopy. The results obtained have made it possible to outline a pathway 
of development of melanin granules. Because melanin granules are specialized 
organelles which differ from mitochondria not only in structure and develop- 
ment, but also in chemical and enzymic composition, a set of new terms is 
proposed for the various stages of their development. Justification for this 
introduction of new terms is the inadequacy of the single, inclusive term, 
"melanin granule," to describe with precision the structural and chemical 
metamorphoses which take place in the granule during melanization. In 
figure 1 have been outlined the essential features of premelanosomes, melano- 
" somes, and melanin granules: the three specialized organelles found in melano- 
cytes. 

It is believed that three stages can be recognized in the formation of the 
melanin granule: the final product of the melanocyte (figure 1): 

I. A first stage in which polypeptides are synthesized and condensed into 
the secondary and tertiary structures ("pro-tyrosinosc") of the enzymic protein 
molecules. 

II. An intermediate stage in which these "pro- tyrosinase" molecules are 
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arranged in ordered structures, premelanosomes (the enzyme molecules of 
"[>ro-tyrosinase" arc aligned in an ordered pattern). 

III. A third stage in which melanin biosynthesis begins and melanin accumu- 
lates inside the premelanosome. During this stage, the granule contains 
lyrosinase activity and is a melanosome. 

The final product, in which melanization is complete, and in which no 
tyrosinase may be detected, is a melanin granule. 

During Stage II, the arrangement, shape and size of the premelanosomes 
arc thought to be both species- and site-dependent. Melanin is not yet syn- 
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Ficuke 1. Stages in the development of melanin granules: I, biosynthesis of protein; 
II, biosynthesis of organelle; III, biosynthesis of melanin. 

thesized at this stage. During the early parts of Stage III, the lamellar pattern 
of the premelanosome can still be seen in electronmicrographs, but as the 
process of melanization continues, the lamellar pattern gradually becomes 
obliterated by deposited melanin and an amorphous melanin granule eventually 
results. As melanin gradually forms within the melanosome, the tyrosinase 
activity of the melanosome correspondingly decreases: in other words, melanin 
formation and tyrosinase activity arc inversely related. 10 

Although melanin is synthesized in vivo only during Stage III, active tyro- 
sinase may be recovered in vitro from the ribonudeoprotein particles. It is 
presumed therefore that extraction of the enzymic protein results in its activa- 
tion. There is reported to exist in insects an inactive ensyme called "pro- 
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tyrosinase" which may be; activated both in vivo and in vitro} 1 -™ The term 
"pro-tyrosinasc" is here tentatively applied lo the erwymic protein of the 
melanocyte during Stages l and II when the enzyme molecules are thought to 
have been synthesized but not yet aligned for catalytic activity. 

Materials and Methods 

Preparation of the Various Cell Components 

B-16 mouse melanoma was serially transplanted in C-57 strain mice. The 
entire, actively growing melanoma was excised when it reached 1.0 to 1.5 cm. 
in diameter and was promptly homogenized in 0.25 M sucrose at about 0° C. 
All subsequent processing (see table 1) took place in a cold environment (about 
3° C). The nuclear fraction was prepared by cerilrifuging the homogenate for 
10 min. at 700 g. The resulting low-speed supernatant, when centrifuged at 
1 1,000 g for 10 min., yielded a sediment lhat was re-suspended in 0.25 M sucrose 
and recentrifuged at 15,000 g for 10 min. This sediment (the large-granule 
fraction) was again suspended in 0.25 M sucrose to make the large-granule prep- 
aration. Small-granule fraction No. 1 was prepared by centrifuging the washes 
and the supernatant from the large-granule fraction in the Spinco ultracentri- 
fugc for 60 min. at 105,000 g. The resulting supernatant is hereafter referred 
to as the soluble fraction. Small-granule fraction No. 1 was resuspended in 
0.25 M sucrose solution (usually l:l/v*.wet weight) lo make small-granule 
preparation No. 1 (figure 2). For some experiments, the method of preparing 
the small-granule fraction was modified as follows: the low-speed supernatant 
obtained after centrifugation at 700 g for 10 min. was recentrifuged at 21,000 g 
for 10 min. The resulting supernatant and washes were then recentrifuged 
in the Spinco ultracentrifuge described above. The sediment thus obtained 
constitutes what is here called small-granule fraction No. 2. When small- 
granule fraction No. 2 is resuspended in 0.25 M sucrose solution, it constitutes 
small-granule preparation No. 2. 

The Nuclear Fraction 

Isolation of nuclei. The method used for isolation of nuclei from the so- 
called "nuclear fraction" is a modification of that described by Allfrey el al? 1 
All procedures were carried out in the cold (between 2 and 4° C). The nuclear 
fraction obtained from the homogenate prepared from 30 gm. of tumor tissue 
was gently homogenized again in the blendor at 1,000 rpm for 10 min.- The 
resulting suspension was filtered through a double layer of gau2e (Johnson & 
Johnson, type 1) and then through a single thickness of double-napped flan, 
nelette. The filtrate was centrifuged at 700 g for 7 min. and the supernatant 
discarded. The sediment was resuspended in 100 ml. of 0.25 M sucrose-0.003 
M CaClt solution and again passed through the flannelette. The filtrate 
thus prepared was centrifuged at 700 g for 5 min. and the resulting sediment, 
which contained the nuclei, was washed by centrifugation in 100 ml.-amounts 
of 0.25 M sucrose-0.003 M CaCI, which were changed repeatedly until the 
supernate became water-clear. The final sediment was suspended in 10 ml. 
of 0.25 M sucrose-0.003 M CaCU to form the purified preparation of nuclei. 
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Preparation of the Density Gradients 

Density gradients were prepared in the tubes of the Spinco swinging-bucket 
rotor (SW-39-L) by layering 0.5 ml. of 8 different concentrations of sucrose 
solution in serial order, with the most concentrated layer at the bottom of the 
tube. They were then allowed to stand for between 12 and 20 hours so that 

Table 1 

Preparation or Cell Components 
All procedures were carried out in a cold environment (0° to 4° C.) 



TISSUE 

(In 5-9 vols, of isotonic sucrose solution) 

homogenized for 2 min. 
(Pottcr-EJvehjem type homogenizer) 

centrifuged 
700 g for JU min. 



Sediment- 



NUCLKAR FRACTION 
(may contain erythro- 
cytes, connective tissue, 
residual intact cells) 



Supernatant 

centrifuged 
11,000 g for 10 min. 



Sediment- 



Sediment 

resuspended 

centrifuged 
15,000 g for 10 min. 



Supernatant* 



LARGE-GRANULE 
FRACTION 



resuspended in 
isotonic sucrose 



LARGE-GRANULE 
PREPARATION 
(mclanosomes) 



"Supernatant 

mixed with 
Supernatant *- 



centrifuged 
105,000 g for 
60 min. 



Sediment — — — 11 
SMALL-GRANULE 
FRACTION No. 1 

resuspended in 
isotonic sucrose 



SMALL-GRANULE 
PREPARATION No. 1 



-Supernatant 
SOLUBLE 
FRACTION 



* Supernatants marked with an asterisk were mixed before the final centrifugation. 
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the gradient might become smooth. At the end of this interval, 1 ml of 
freshly prepared granule preparation was layered carefully over the top of 
each tube in its respective series: i.e., large-granule scries or small-granule 
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. Figure 2. M) FJunsity-gradienUube before cent rifugat ion, showing the lay ering of eight 
different concentrations of sucrose solulion and the large-granule preparation (in 0.25 M 
sucrose). The gradient was prepared 18 hours in advance; the large-granule preparation 
was added immediately before centrifugal ion. (fl) Tractions 1 ihriRigh 6 as they appear in 
the gradient tube after uttracen I rifugat ion at 103,000 g for 1 hour in a horizontal rolor. 'Oie 
four ojiaquc fractions and the places where the tube was cut arc shown diagrammalically. 
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Figure 3. (A) Tube containing a modified density gradient with large-granule prqu ra- 
tion before ccntrifugation; the gradient consists of 8 different concentrations of sucrose s»lu- 
tion, and was prepared 18 hours previous to cent rifugat ion. The large-granule preparation 
in 0.25 M sucrose was added immediately before centrifugation. (B) Fractions 1 through 5 
as they ap|>ear in the gradient tube after ultracentrifugalion at 103,000 g for 1 hour. The 
2 ojiaquc regions and the places where the tube was cut are shown diagrammaticalry. 

series. The sucrose concentrations used for study of the large-granule prepara- 
tion in the lovo-densily studies were 2.0 Af, 1.8 M , 1.6 Af, 1.55 M, 1.5 M f 1.4 Af, 
1.2 Af, 1.0 Af (FIGURE 2); in the high-density series they were 2.6 Af , 2.4 M , 
2.2 Af, 2.0 Af, 1.8 Af, 1.6 Af, 1.55 Af, and 1.5 M (vicure 3). For analysis of 
the smalt-granule preparation, the sucrose concentrations were 1.8 Af, 1.6 Af, 
1.4 Af, 1.2 Af, 1.0 Af, 0.8 Af, 0.6 Af, and 0.4 Af (figure 4). 
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Separatum of ihe Various Fractions after Cenlrifugation 

At the end of centrifugation, after the position and thickness of the various 
strata in each tube had been recorded (figures 2, 3, 4), the strata (fractions) 
were separated by means of a specially designed centrifuge- tube cutter." 
Figures 2, 3, and 4 show where the tube was cut to permit collection of the 
individual fractions and how the fractions were numbered. 

Enzyme Assays 

Determinations of succinoxidasc and glutamatc-oxidase content were made 
immediately after separation of the fractions; determinations of tyrosinase and 
protein-nitrogen content were always completed within 48 hours after separa- 
tion. 
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Figure 4. {A) Density-gradient tube before cenlrifugation, showing the 8 different con- 
centrations of sucrose solution and the proration of small granules in 0.25 M sucrose. The 
gradient was prepared 18 hours in advance; the small-granule preparation was added immedi- 
ately before centrifugation. (B) Fractions 1 through 5 as they appear in the gradient tube 
afler ul trace ntrifugat Eon at 103,000 g for t hour in a horizontal rotor. The 2 opaque frac- 
tions and the places where the tube was cut are shown diagrammatically. 

The succinoxidasc content of the fractions was estimated rcspirometrically 
by measuring oxygen consumption in the presence of cytochrome-C, as de- 
scribed by Umbreit et a/.; M some estimations were also made with ATP (2.8 X 
Hr-» M) and DPN (1.5 X 10* M) as cofactors. 

Glulamatc oxidase was estimated respirometrically by measuring oxygen 
uptake in the following reaction system: potassium phosphate buffer, pH 7,5 
(1.2 X 10- J M)\ ATP (2.5 X 10~ 5 M)\ DPN (1.5 X 10 4 M)\ nicotinamide 
(1.2 X 10~ a M); MgCU (8 X lO -1 ); cytochrome-C (8.3 X 10" 6 ); and glutamic 
acid (1 X 10 -1 M) in the presence of KOH in the center well, 

Tyrosinase content was estimated respirometrically by measuring oxygen 
consumption, using a 10: 1 mixture of L-tyrosinc and L-dopa as substrate (1.77 
/imolc) in the Af/10 phosphate buffer (pH 6.8) . w 

Biochemical Analysis 

The samples were analyzed by the technique of Schmidt and Thannhauser. 2 * 
modified by the substitution of perchloric acid for trichloroacetic acid. The 
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phospholipid content was estimated from the phosphorous content of the lipid 
fraction. Ribonucleic acid and deoxyribonucleic acid content was calculated 
from the phosphorous content of the RNA fraction (RNA-P) and the DNA 
fraction (DNA-P). To determine the protein-nitrogen content, trichloroacetic 
acid was added to each sample to precipitate the protein, the precipitate was 
spun down, washed once with trichloroacetic acid and dissolved in 1 N NaOH 
solution. The nitrogen content of this alkaline solution was determined by 
the method described by Johnson in 1941. 29 

Morphological Methods 

For eleclronmicroscopy, suitable aliquots of each fraction were mixed at 
0°C. with 2 per cent osmium tetraoxide buffered with acetate veronal to pH 
7.4 and centrifuged at 105,000 g for 1 hour. The sediment obtained was then 
dehydrated in a graded scries of ethyl alcohols, embedded in araldite resin, 
sectioned with a modified Cambridge rocker-microtome and examined by means 
of a Sicmans Elmiskop I. 

In Vivo Incorporation of Ltucine-C 14 by Soluble Tyrosinase 

Treatment of animals. . Eight or ten adult, female mice bearing B-16 mel- 
anomas 1-2 cm. in diameter were given an intraperitoneal injection of 1 mc/10 
gm. body weight of uniformly labeled i.-Jeucine-C 14 (Nuclear Chicago) in 0.05 
ml. of buffered saline solution. 

Cell fractionation procedure. The mice were killed at various intervals after 
injection of the leucine-C", and the melanoma was immediately excised and 
homogenized in 5-9 volumes of ice-cold 0.25 M sucrose solution. The homoge- 
nalc was separated into fractions by differential centrifugal ion at 0°C. by a 
modification of the procedure of van Lancker and Holt2er. 10 

The supernatant resulting from centrifugation of the homogenate at 700 g 
for 10 min., when recentrifuged at 11,000 g for 10 min., yielded a sediment 
which was resuspended in 0.25 M sucrose and recentrifuged at 11,000 g for 10 
min. This sediment, the large-granule fraction, was used as one of the starting 
materials for the extraction of soluble tyrosinase. The supernatant obtained 
after the second centrifugation (11,000 g for 10 min.) was recentrifuged at 
25,000 g for 10 min. and the resulting supernatant was subjected to further 
high-speed centrifugation at 105,000 g for 1 hour to yield the small-granule 
fraction. 

Extraction of Soluble Tyrosinase 
Soluble tyrosinase was extracted from both the small-granule fraction and 
the large-granule fraction by a modification of the procedure of Brown el al. Si 
The fraction to be tested was suspended in 30 ml. of cold, 0.5 per cent sodium 
deoxycholate solution in 0.05 M Iris buffer at pH 8.0 and homogenized for 1 
min. The resulting suspension was then one tenth saturated wilh (NH.O1SO4 
by the addition of saturated (NHJtSO^ , mixed with an equal volume of cold 
(3° C.) acetone, and filtered through a Jiuchner funnel at room temperature 
(22° C.) to remove the precipitate. Another volume of cold acetone was added 
and the mixture was centrifuged. The precipitate obtained was resuspended 
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in 5 ml of 0.1 M phosphate buffer at pH 6.8 and dialyzcd against :> 1. of cold, 
distilled water overnight (18 hours) with at least 2 changes of distilled water. 
The dialyzed suspension was made up to 7 ml. by the addition of 0.1 M phos- 
phate buffer at ptt 6.8 and ccntrifuged to separate out the clear supernatant 
which contained the soluble tyrosinase. 

Agar Jilectrophoresis 
Agar electrophoresis (K. Shimao, unpublished method) was carried out at 
4° C. with 0.05 M veronal buffer at pH 8.6 on agar gel 1 mm. thick. 1 he 1 mm. 
Aim of agar gel was prepared by pouring 6.5 ml. of hot 1 per cent agar solution 
into a plastic frame (inner dimension 70 X 90 mm.) which was clipped to a glass 
plate. After the agar had been chilled for 30 min., a 2 X 6 mm. strip oi What- 
man No. 3 MM filter paper was moistened with about 10 pi. of the soluble 
ivrosinase solution to be analyzed and placed on the center of the agar plate. 
* The gel was connected to the voltage supply by a strip of buffer-moistened 
filter paper and a platinum electrode that were both dipped in a vessel of buffer 
After covering the gel with a glass plate, electrophoretic migration was allowed 
to continue for 4 to 5 hours with a current of 8 mAmp. Parallel tests were 
always made simultaneously with normal human serum to provide a reference 

of mobility. Mlll , 

To demonstrate the site of tyrosinase activity in the gel, a sheet of Whatman 

No. 3 MM filter paper the same size as the gel plate was moistened with 0.33 

mg./ml. i^dopa in 0.1 M phosphate buffer at pH 6.8 and superposed on the gel. 

After standing at room temperature for 10 to 20 min., the site of tyrosinase 

activity could be detected by appearance of the orange color of dopachrome 

or the purple color of melanin. 
Protein was stained by dipping the gel in a 0.5 per cent solution of aniline 

blue-black in a mixture of ethanol and glacial acetic acid (9:l/v:v). The 

excess dye was washed out with 5 per cent acetic acid. 

Measurement of the Radioactivity oj tiit SolubU Tyrosinase 
A 3-ml. aliquot of the soluble tyrosinase was mixed with an equal volume 
of 10 per cent trichloroacetic acid and heated to 95° C. for 15 min. The pro- 
tein thus precipitated was collected by centrifugation and washed again with 
hot, 5 per cent trichloroacetic acid; it was then subjected to 2 washings each 
with an alcohol-ether mixture at 45° C. (3:l/v:v) and ether at 38° C. The 
final precipitate was dried by heating to 50° C. and dissolved in 1 ml. of 1 M 
hydroxide of Hyamine 10-X (P-(di-isobulyl-cresoxyethyl)dimethyl-benzyl- 
ammonium hydroxide) in methanol » This solution was transferred quantita- 
tively to a vial by three 5-ml. washings of scintillating solution (4 gm. of 2-5- 
diphenyloxazole and 100 mg. of 1 ,4-bis-2-(phenyloxazole)-benzene dissolved 
in 1000 ml. of toluene) and counted in the Packard liquid-scintillation counter 
at least 3 times. A known amount (2540 d.p.m.* in 0.5 ml. of toluene) of 
benzoie-C" acid was then added to the vial and the mixture was counted again 
in the same counter. The d.p.m. value of the samples was calculated from 
the difference between the counting rate with and wilhout the internal standard 

* Disintegration per minute. 
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and the counting rale without the internal standard. Ether-washed, dry 
protein was obtained in the same way from another aliquot (2 ml.) of the 
soluble tyrosinase and dissolved in 0.1 N sodium hydroxide so that its nitrogen 
content could be determined by the method already described. The specific 
radioactivity of the soluble tyrosinase is expressed as d.p.m.//ig. protein- 
nitrogen. 

The radioactivity of components isolated from soluble tyrosinase by means 
of agar electrophoresis was determined as follows. At the end of the period 
of elect roph ore tic migration, the areas in which tyrosinase activity and protein 
were present were demonstrated by means of the dopa reaction and acid blue- 
black, respectively. After the agar plate had been allowed to dry thoroughly 
at room temperature, the parts of the agar where the dopa reaction was positive 
and the parts where the dopa reaction was negative, but the acid blue-black 
stain positive were scraped from the agar plate with a scalpel and suspended 
in IS ml. of scintillating solution. The radioactivity of this material was 
counted as described above. 
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Results 

Distribution o] Tyrosinase Activity in the Various Fractions 

The various fractions of mouse melanoma were isolated by the differential 
centrifugation described above and made up to the same volume as the homoge- 
nate which was used as starting material after 0.25 M sucrose solution had been 
added. Table 2 shows the distribution of tyrosinase activity in the various 
fractions. 

NUCLEAR FRACTION 

The nuclear fraction studied in this series of experiments contained in- 
tact tumor cells, connective tissue, red blood cells, cell debris, and approxi- 
mately one third of the total amount of tyrosinase activity recovered from 
the homogenized melanoma tissue. It seemed worthwhile, therefore, to 
try to determine whether or not any tyrosinase activity was present in the 
nuclei themselves. By a slight modification of the biochemical procedures 
described by AHfrey el al** it was possible to prepare from the so-called nuclear 
fraction suspensions which, when examined under the light microscope, were 
seen without stain to contain great numbers of free nuclei, a few whole blood 
cells, clumps of brown pigment granules, and occasional red blood cells. When 
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these suspensions were stained with hematoxyJin-cosih, occasional strands of 
cytoplasm and some brown pigment granules could be seen, as well as bits of 
amorphous connective tissue stained with cosin. It is estimated that nuclei, 
per se, constituted somewhat more than 70 per cent of the suspended material.* 
The final, purified preparation of nuclei contained 22.8 per cent of the total 
amount of DNA and 4.3 per cent of the total tyrosinase activity of the nuclear 
fraction. Assuming that isolation of the purified nuclei has been accomplished 
without significant loss of DNA, the tyrosinase activity within this purified 
preparation may be considered to be 18.9 per cent of the initial activity of the 
nuclear fraction. Using as a basis for calculation the experimentally obtained 
figure of 28 per cent recovery of tyrosinase activity in the nuclear fraction 
(table 2), it appears that one might expect to recover from the purified prepara- 
tion of nuclei 5.3 per cent of the total tyrosinase activity of whole tissue. 

I_\RCE-CRANULE FRACTION 

Separation by density-gradient centrifuRQticn. When the density-gradient 
shown in figure 2 was centrifuged with the large-granule preparation at 
103,000 g for 1 hour in a horizontal rotor, 2 narrow bands typically formed in 
ihc contents of the tube, one (Fraction 2) at the top of the gradient, the other 
(Traction 3) a gray, turbid layer that contrasted with the relatively clear zone 
below (Fraction 4). Near the bottom of the tube, there was a susjwnsion of 
black particles (Fraction 5) and a black pellet (Fraction 6). 

Distribution of tyrosinase, sncciuoxidasr, and pTotcin-mtrof>cn. The t yrosinase 
activity, succinoxidase activity and protein-nitrogen content of all 6 fractions 
were determined by the method described above. Percentage, as shown in the 
various figures, is calculated in terms of the sum of the amounts of material 
recovered in alt fractions. Figure 5 shows the estimates of succinoxidasc and 
tyrosinase activity and protein-nitrogen content in B-16 mouse melanoma. 
Kueh point on the curve is the average of 6 observations. The curve for 
succinoxidase activity reached its peak in Fraction 3, which contained 70 per 
cent of the sum of the activity recovered in all fractions. Some succinoxidase 
activity was evident in Fractions 4, 5, and 6. Fraction 6 also contained tyro- 
sinase activity: 94 per cent of the amount contained in Fractions 1 through 6. 

Electronmicrographs show that the large-granule preparation contains many 
cell elements, such as ceil debris, mitochondria, microsomes, endoplasmic re- 
ticulum, and melanosomes (figures 6 and 8-12). In the melanosomes, a single 
outer membrane and an internal membrane composed of irregular, crumpled, 
spiral, and parallel strands in various stages of melanization can be recognized. 
Fraction 2 consists mainly of cell debris, and Fraction 3 is an almost pure 
preparation of mitochondria (figures 9 and 10), Fraction 5 contains both 
mitochondria and melanosomes, and Fraction 6 is almost exclusively melano- 
somes (figures 11 and 12). It is not possible to prepare really good electron- 

* Under the light microscope, counts were made of the number of nuclei, intact cells, clumps 
of brown pigment granules, pieces of amoqihous connective tissue, and red Wood cells present 
in stained smears of the purified suspension of nuclei. The average uf counts obtained from 
25 fii-kls chosen at random was as follows: nuclei, 11V8; intact cells, 59; clumps of biown pig- 
ment granules, 64; hi is of connective tissue, 207; red Mood cells, 36. 1-rom these figures, 
Ihc purity of the suspension of nuclei may readily he calculated. 
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micrographs, particularly of Fractions 5 and 6, because sucrose in high con- 
centration tends to distort some structures (e.g., mitochondria) osmolically 
and because the hard mclanosomcs make Fractions 5 and 6 difficult to cut. 
The micrograms obtained were sufficiently clear, however, to permit adequate 
identification of the various elements present. 

In order to Separate- mitochondria satisfactorily from mclanosomes, the 
density gradient shown in hcure 3 was prepared with sucrose and the iarge- 
granulc preparation. The typical appearance of the tube after ccntrifugation 
at 103,000 g for 1 hour in a horizontal rotor is shown in ficuke 3; a narrow, 



Protein- Nitrogen 




FRACTION 

Rcure 5 Recovery of protein-nitrogen, tyrosinase, and succinoxidase in Fractions 1 
through 6 of large-granule preparation of ij-16 mouse melanoma following density-gradient 
cent negation. Percentages are calculated in terms of the sum of the amounts recovered in 
all fractions. Each point on the curve is the average of six observations. The various frac- 
tions are numbered as in picure 2. Total recoveries were: prolein-nitrogen, 97.8 per cent 
± 1 .26; tyrosinase, 293 per cent ± 29.3; succinoxidase, 80.5 per cent rb 2.4. 

brownish-gray, relatively tightly packed band (Fraction 2) can be seen at the 
top of the gradient. There is a relatively clear zone between this layer and 
the brown or black suspension that fills almost the entire bottom half of the 
tube. 

Figure 6 shows the typical distribution obtained with the high-density 
gradient. In this experiment (see figure 7), glulamate oxidase activity and 
also succinoxidase activity were determined in fractions separated by high 
density-gradient centrifugation. Here the peaks of both succinoxidase and glu- 
tamate oxidase activity were found in Fraction 2, which corresponds to Frac- 
tions 2 and 3 in the low density-gradient experiments. No succinoxidase ac- 
tivity was found in Fractions 4 and 5. Tyrosinase activity appeared only in 
Fractions 4 and 5. The detailed results of this experiment (table 3) show that 
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Fraction 5 (mclanosomes) contains 3 times as much tyrosinase |K-r milligram of 
protein-nitrogen as the unfraclionaled large-granule preparation and that Frac- 
tion 2 (mitochondria) contains twice as much succinoxidase and 3 times as much 



Figure 6. Fraction 6 isolated from the large-granule preparation of B-16 mouse mela- 
noma by density-gradient centrifugal ion (see picore 12) in more detail. The varied siie 
j and degree of melanization of the particles can be seen. X 80,000. 

I glutamate oxidase per milligram of protein-nitrogen as does the uncentrifuged 

I large-granule preparation. 
SMAT.L-CRANULE FRACTION 

Separation by dctisily-gradimt ccntrifugafion. When the density-gradient 
shown in figure 4 was cenlrifuged with small-granule preparation No. 1 
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at 103,000 g for 1 hour in a horizontal rotor, a relatively wide, pinkish-red, 
clear band (Fraction 2) typically formed in (he contents of the tul>e below 
the clear top layer (Fraclion 1). A wide zone of opalescent material with- 
out any sharp lower boundary extended from the bottom. of Fraction 2 down 
10 the level in the lube where 1.6 M sucrose was superimposed ujvm t 8 M 
sucrose when the solutions were originally layered (figure 4). For sampling 
the opalescent zone was divided into two parts, Fractions 3 and 4. The' 
translucent and colorless zone at the bottom of the lube below Fraction -I 
is Fraction 5; it contains a few black pellets. When small -granule prep- 
aralion No. 2 wns subjected to density- Rr adicnl analysis, S fractions were 
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ite , £ W K™io27XZ,nfc J™« n - nil «««V tyrosinase, succinoxidase, and glulamale osi- 
!nf,u.;! • ?. Ufih 5 o/^rgc-granule prqxiraiion of B-16 mouse melanoma fnllou-. 
ing .density-gradient ullraccniriiugation. Percentages are calculate*! in i*™! ,,i 7h. I 

tyrosinase, 417 ,»er cent; Mremowlase. 82 per cent; am! glutamate oxidase, 124 ,j?«ni . 

obtained exactly like those of small-granule preparation No. 1, except that 
tberc was no precipitate in Fraction 5 at the bottom of the tube 

Distribution of tyrosinase, RNA, phospholipid, and protein in the various 
fractions. All five fractions were examined for tyrosinase activity RNA 
phospholipid, and protein content by the method described above. Figure 13 
shows the distribution of tyrosinase activity in the various fractions derived 
from small-granule preparation No. 1. The curve for tyrosinase activity had 
I peaks one m Fraction 5, which contained 56.6 per cent of the total activity 
recovered m all fractions, the other in Fraction 2, which contained 23 per cent 
of the total activity. Since Fraction 5, isolated from small-granule prepara- 
hon xNo. 1 by density-gradient centrifugal ion, was found by electron microscopy 
to contain melanosomes, the greater centrifugal force of 21,000 g was needed 
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for satisfactory separation of ihc small granules and the melanosomcs. In ibis 
experiment, small-granule preparation No. 2 was obtained from the supernatant 
resulting from high-speed ccntrifugation for 10 min. at 21,000 g instead of 
11 000 g. In FIGURE 14, which shows in detail the results obtained, percentage 




Figure 8. Electronmicrograph of large-granule preparation of B-16 mouse melanoma 
showing cell debris, mitochondria, melanosomes, and reticular material. Ihe line in the 
lower part of each electronmicrograph denotes Ihe length of I /*, except when otherwise speci- 
fied. X32.000. 

is calculated in terms of the total amount of material recovered in all fractions. 
Each point on the curve is the average of four observations. The curve for 
tyrosinase activity reached its peak in Fraction 2, which contained 94 per cent 
of the total activity recovered in all fractions. Fraction 2 also had a high 
UNA and phospholipid content, 68.5 and 50 per cent respectively, of the 
amount contained in all fractions. 
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EUctronmiirograplts of the Various Fractions 
Electron micrographs show thai small-granule preparation No. 1 contains 
many cell elements, such as membranes covered with particles, free particles, 




Ficuhk 9. The brge-Bramjle prqwration of B-16 mouse melanoma (sec figure 8) in 
more flclnil, showing the various elements and |»ariicuJarly the different stages of melaniu- 
tion of mebnosomrs. XfiO.OOJ). 

and smooth membranes (hcuke 15). Typical elect ron micrographs (ficurks 
16, 17, and 18) show that traction 2 consists mainly of small, dense particles 
that form targe clusters and are not sharply outlined. These particles are 
quite similar in both size and density to the 100 lo 125 A RNP (ribonuckopro- 
tein) panicles prepared from the microsomes of KU»n™ pig liver." A few 
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smooth membranes arc also present. Fraction 3 consists mainly of smooth 
membranes (figure 19). In Fracl ion 5, which consists in large part of melano- 
somcsin ihc early stages of development, the internal structure of these particles 
and some smooth vesicles can be seen very clearly. Groups of slrialions that 




Fjcure 10. Electron micrograph of Fraction 3, isolated from laTgegranuIe prqwralions of 
U-Hj mouse melanoma liy density-gradient centrifugal ion. Particles can lie seen to be al- 
most exclusively mitochondria. X 32,000. 



run parallel lo the long axis of the granule (ficukkS 20 and 21) reveal (he 
existence of a basic structure in which each st nation has the appearance of a 
^rid or lattice. 

filcdrophorelk Sludivs 

In agar electrophorelic studies, the soluble tyrosinase isolated from the 
small- and the large-granule fractions was essentially the same and was found 
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to have two major components which could be clearly demonstrated by the 
acid blue-black -slain for protein. The mobility of one of these active com- 
ponents was nearly the same as that of a-l-globulin of human serum, while the 
mobility of the other was the same as that of a-2-globulin (figure 22). Both 
these major components showed a strong positive reaction with L-dopa. 

The soluble tyrosinase also contained small amounts of protein which did not 
react with dopa, but were faintly stained by acid blue-black. 

In Vivo Incorporation of Lcttcine-C li by Soluble Tyrosinase Isolated 
from Mouse Melanoma at Different Intervals after Injection 

The amount of L-leucine-C" present in the soluble tyrosinase of each fraction 
30, 45, 60, 90, 120, and 240 min. after injection of L-Jeucinc-C" is shown in 
figure 23. The immediate, rapid labeling of the soluble tyrosinase isolated 
from the small-granule fraction is noteworthy. The specific activity of this 
soluble tyrosinase attained a maximum at 60 min. and decreased thereafter. 
The soluble tyrosinase isolated from the large-granule fraction, on the other 
hand, incorporated labeled amino acid slowly at first and reached its maximum 
specific activity 120 min. after injection. At 100 min., the specific activity 
of the soluble tyrosinase of the largu-granulc fraction rose above that of the 
small-granule fraction and remained above it thereafter. 

Incorporation of l*ucinc-Q* into the Components Isolated from Soluble 
Tyrosinase by Agar Electrophoresis 
Soluble tyrosinase w;x 5 extracted from both the small- and the large-granule 
fractions isolated from mouse melanoma excised 1 hour after intraperitoneal 
injection of 'Icucinc-C*. Ficure 24 shows the positions from which the samples 
were taken for counting and the position of the various compounds of human 
scrum on the agar plates at the end of electrophoresis. Samples 1 to 5 were 
taken from areas in which both the protein and the dopa reactions were posi- 
tive, where the protein reaction atone was positive, and where only plain agar 
was present. Tabulation of the results (table 4) shows that there is definitive 
incorporation of leucine-C" into the components in which both the protein and 
the dopa reaction are positive. Some incorporation also occurred in areas 
where the protein reaction was positive and the dopa reaction negative. Conse- 
quently, it appears that the incorporation of leucine-C" by the various protein 
components of the soluble tyrosinase isolated by agar electrophoresis is quite 
uniform if the protein content of these components is used as a reference. The 
protein content of the soluble tyrosinase used in this experiment was approxi- 
mately t.5 /ig. ;Y in the small granules and 5.5 pg. ,V in the large granules. 

Discussion 

The localization of mammalian tyrosinase activity in a suspension of cell 
particles has been reported by various investigators. 1 •» The results obtained 
when the distribution of tyrosinase activity in the different cell components 
was determined by means of recent separation methods arc shown in table 2. 
Using as a basis for calculation the experimentally obtained figure of 28 per 
cent recovery of tyrosinase activity in the nuclear fraction (table 2), it appears 
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thai one might expect, to recover from the purified preparation of nuclei 5.3 
per cent of the total tyrosinase activity of whole tissue. Since the purified 
preparation of nuclei has been estimated to be approximately 70 per cent pure, 




Fiouke It. Fraction 3 isubi I ctt from larKC-graitulc preparation of B-16 mouse melanoma 
hy ilmsity-griulk'nl ccntr if ligation (sec Kici'ttK 10) in more del ail. The arrangement of the 
internal membranes can In; seen. XXD ( 000. 



tin: 5.3 per cent of tyrosinase activity recovered in the purified preparation 
would have almost no significance. Actual experimental results indicate that 
nuclei are of little ini]>ortunce in I he localization of tyrosinase activity. 

The experiments here described show that the so-called mitochondrial frac- 
tion, the large- granule preparation of mouse melanoma obtained by the usual 
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method of cell fractionation, contains at least two structurally distinct ele- 
ments, i.e., mitochondria and melanosomcs. Density-gradient centrifugation 
made possible the separation of these particles into different zones according 
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Figure 12. Electronmicrngraph of Fraction 6 isolated from large-granule preparation of 
B-16 mouse melanoma hy tlensity-gr:i<Iient cent rifuRat ion. This is a reasonably pure sus- 
|*nsiot> of mehmusomes. X 32,000. 

to their respective densities. AHer centrifugiitinn, the distribution of tyro- 
sinase activity in I he gradient lubes was entirely different from the distribution 
of the mitochondrial enzymes. Tyrosinase aclivity was found almost entirely 
in the lowest fractions in the lube. In el eel ron micrographs it can be seen that 
these lower fractions consist entirely of melanosomcs. In preparations of B-16 
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Table 3 

Distribution ok Pkote in- Nitrogen, Tyrosinase, Swccinoxidasf. and Glctamate 
Oxidase after Ultkacentrifugation* ok I-arce-Guanule Preparation of B-16 
Mouse Melanoma over Density Gradient or Hypertonic Sucrose 
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t After incubation for 7 hows, the reaction mixture was slightly purple in color. 
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FRACTION 

Figure 13. Tyrosinase activity of Fractions 1 through 5 separated from s mull- granule 
prqiaration No. 1 of B-16 mouse melanoma by ricnsily-gradicnl cenlrifugation. JVr cent 
recovery is calculated in terms of the sum of the amounts recovered in all fractions. Each 
point on the curve is the average of four observations. The various f met ions are numbered 
as in FicURX 45. 
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mouse melanoma, the sum of I he tyrosinase activity of the various fractions 
was three limes as great as ihc tyrosinase activity of the starting material, i.e., 
the large-granule preparation. This will be discussed elsewhere. 

The bulk of the succinoxidasc and glulamate oxidase activity was recovered 
in Fractions 2 and 3 respectively (the mitochondrial fractions). These are 
typical mitochondrial enzymes. No succinoxidase was found in Fractions 3, 
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FRACTION 

Figure 14. Tyrosinase activity and KNA, phospholipid and protein-nitrogen content of 
Fractions 1 through 5 separated from small-granule preparation No. 2 of B- 16 mouse melanoma 
by density-gradient centrifugal ion. Per cent recovery is calculated in terms of the sum of 
the amounts recovered in all fractions. Each point on the curve is the average of four ot>- 
scr vat ions. The various fractions are numbered as in figure IB. Tola! recoveries were: 
protein-nitrogen, 94 per cent; tyrosinase activity, 12S per cent; KNA, 34.6 |>er cent; phos- 
pholipid, 90.8 per cent. 

4, and 5 obtained by high density-gradient tenlrif ligation of the large-granule 
preparation of B-16 mouse melanoma. 

The experiments show that in suspensions of mouse melanoma there are 
granules which have the typical appearance of mitochondria under the electron 
microscope and contain a high concentration of succinoxidasc and glulamate 
oxidase. These granules are found in a density layer in the gradient tube 
characteristic of ail mitochondria sludied, whatever their source. In addition, 
the Lumor tissue contained more dense granules; these had the typical appear- 
ance of melanosomes and contained the greater pari of the tyrosinase activity 
of the preparation. Some succinoxidase activity was found in this denser- 
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granule fraction as the result of contamination with mitochondria, but by 
modified density-gradient ecnlrifugation such contamination could be avoided 
and an essentially pure melanosome fraction obtained. 
It is also possible, under the electron microscope, to recognize granules 




Figure IS. Electron micrograph of small-granule prqiaration of B-16 mouse melanoma 
showing rough membranes, small elect ron-tlense [Articles (ribonuclcoprolein jwrlicles), smooth 
membranes, anil a few metunosomes in the early stages of development. X 32,000. 

in process of mclanization. Figures 8, 20, and 21 show internal structures 
present in melanosomcs during their early stages of development. Groups of 
striatums parallel to the long axis of the granule reveal the existence of a basic 
structure in which each striation has the appearance of a grid or lattice. The 
same internal structure can be seen in melanosomes from tissue preparations 
of Harding-Passey mouse melanoma and human skin (M. Seiji and J. B. Caul- 
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field, unpublished data, and Birbeck et al *). Drochmans 19 reports that he 
has found similar slriations wilh a basic crystalline-like lattice structure in the 
melanin granules of cat and human skin. Birbeck and Barnicot » using human 
hair bulbs, and Dalton 5 and Wcllings »-' 5 using mouse and human melanoma 




Figure J 6. Electronmicrograph of Fraction 2 isolated from small-granule preparation 
of B-16 mouse melanoma by density-gradient centrifugal ion. Particles are almost exclu- 
sively small and dense. X 32,000. 

respectively, have pointed out that in their electronmicrographs there could 
be seen a serits of steps in the formation of the melanin granule. They postu- 
late that as the small vesicles of the Colgi zone increase in size, dense mem- 
branous structures become evident within the bounding membrane of the 
vesicles. These interna! membranes appear as concentric, spiral, or parallel 
strands in their presumed cross sections. These gradually become considerably 
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thicker and their density increases until it is approximately the same as that of 
ihe outer membrane of the vesicle in its early stage. Later the spaces between 
the inner membranes are filled in, so that eventually the granule becomes 
uniformly dense and structureless. Although the dense material seen in 
elcctronmicrographs may not be precisely the same as melanin, it seems quite 




Ficure 1 7. Eleclronmicrograph of Fraction 2 isolated from the small-granule preparation 
ofll-16 mouse melanoma by density-gradient ccnlrifugatiun. The particles are <jmte simi- 
lar io size and density and show some cIurnjMng. X 160,000. 



safe to consider that: the changes seen may be various stages in the gradual 
transformation of the initial vesicles into structureless, completely nula nixed 
melanin granules. 

Mover,* on the basis of his electron-microscope studies of the retina! pigment 
of l he mouse embryo, has speculated, on the other hand, ihiil melanin granules 
may form in in t racist crnal dilations of the endoplasmic reticulum and that' 
subsequently there appear "hollow ellipsoids" that are bounded by a typical 
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double membrane and contain small vesicular and fibrous elements. He 
thinks that the ellipsoids thus produced become filled with branching fibers 
that lie parallel to their long axis, and that melanin polymerizes on these fibers 




Figure 18. F.I L-clr on micrograph of Fraction 2 isolated from the small-granule preparation 
of B-16 mouse melanoma by density-gradient centrifugal ion. The field was selected to show 
the 100- 1 50 A, elect run-dense ribonudeoproteinlike particles and some smooth membranes. 
X 100,000. 

until the underlying structure is completely obscured and the granule has 
reached morphological maturity. Moyer lias found no evidence to support 
the older thrones of the mitochondrial, nuclear, or (lolgi origin of melanin 
granules. Recently, however, he hits noted the existence of a close relationship 
between ribonucleoprotein particles and the fibrous structure observable in 
the early stages of melanin-granule formation. This may lead him to change 
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his intracisternal theory of the origin of melanin granules (F. Moyer, personal 
communication). 

Although the origin of melanosomes is still unknown, evidence has accumu- 




I'rcuKE 19, Electron micrograph of Fraction 3 isolated from small- granule preparation of 
H-16 mouse melanoma hy density-gradient centrifugal ion. This fraction was found to con- 
sist mainly of smooth membranes. 

lafed I hat supports the concept thai melanizalion ol melanosomes within the 
melanocyte is a stepwise process. 

The regular presence of tyrosinase activity 'in the small-granule fraction raises, 
the following questions. Is the small-granule fraction contaminated with small 
melanosomes? Do I he cell components ribosomcs, endoplasmic reticu- 
lum) present in the small-granule fraction really contain tyrosinase activity? 
To answer these questions, the particles present in the small-granule fraction, 
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concluded that Fraction 2 derived from the small-granule preparation is not 
contaminated by melanosomes and that the particles in this fraction and 
melanosomes arc disparate in nature. The difference between the chemical 
composition of melanosomes and that of Fraction 2 is also quite definite (M. 
Sciji and T. B. Filzpalrick, unpublished data). 

The microsome fraction isolated from various mammalian tissues contains 
small, electron-dense particles!"-"- 0 The appearance of particles of this type 




Ficube 22. Agar elect ruphnretic palter n of soluble tyrosinase isolated from B-16 mouse 
melanoma. A » human serum, B = soluble tyrosinase stained by acid hluc-hlack, C = 
dupa reaction (wsilive. (Electrophoresis took place at 4* C. with veronal sodium-HCI buffer 
at pH 8.6 at ionic strength 0.05. The patterns shown were ohtained during a 4 hour run at 
8 m,\n>p. Arrow indicates the starling position. Two major components in which l»lh 
the dujja and the protein reaction were positive can be seen at B and C. 

in the Fraction 2 isolated from Ti-16 mouse melanoma was very similar to that 
of particles isolated from the liver and pancreas of guinea pigs. 33 Small 
ribonucleoprolem particles (RNP-par tides) separated biochemically from the 
microsome fraction with deoxycholic ;icid contain a high concentration of 
ribonucleic add The RNA content of RNP-purticlcs isolated from H-16 
mouse melanoma was found to be 40 per cent. Chemical analysis revealed 
that Fraction 2 contained 13 to 20 per cent ribonucleic acid in terms of dry 
weight, and some phospholipid. Although Fraction 2 in these experiments 
may not have been a pure suspension of RNP-particles, it did contain small 
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particles that look like RNP-par tides and it had a high content of ribonucleic 
acid. It is possible, therefore, to consider that its granules are similar in 
nature to RNP-particles. 

The use of radioactive tracers for the intensive investigation of protein 
biosynthesis during the last decade has been based on the premise that micro- 
somes, more specifically RNP-particles, are the intracellular site of protein 
synthesis. The essential role of RNA in protein synthesis has been well demon- 




HOURS AFTER LEUCINE 'C INJECTION 
Vicurk 11. Comparison of the rate of incorporation of leutinc-C w into the soluble ty- 
rosinase isolated from the small-granule preparation and the targe-granule preparation of 
11-16 mouse melanoma. The sj>ccinc radioactivity (disintegration per minute per pg. pro- 
tein-nitrogen) was determined at various intervals after injection of leucine-C' 1 into living 
' mice with melanoma. 

st rated. 50 It is therefore necessary to consider in terms of protein synthesis 
the significance of tyrosinase activity in Fraction 2 of the experiments described; 
in other words, are the particles found in Fraction 2 the site of tyrosinase bio- 
| synthesis? 

I If melunosomes arc accepted as the site of melanogcncsis in the melanocyte," 
I ts tyrosinase, the enzyme responsible for the formation of melanin from tyrosine, 
synthesized in the melanosome? Is tyrosinase derived from its precursor in 
the melanosome by a mechanism similar to that involved in the formation of 
a-chymotrypsinogen in the pancreas? 
Incorporation of radioactive amino acids in vito has been repeatedly used to 
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demonstrate the synthesis of specific proteins such as ribonucleasc, 35 -' 0 trypsino- 
gen, and a-chymotrypsinogen. 39 41 •« Isolation of specific proteins from various 
cell fractions after in vivo or in vitro labeling has also been used in several 
studies as a means of locating the intracellular sites of protein synthesis. 45 



SERUM 




Kjol'XE 24. Radioactivity of tlcclrophoretically separated components of soluble tyro- 
sinase prepared from the large anrl small granules isolated from B-16 mouse melanoma, l-argc 
granules and small granules were obtained from B-16 mouse melanoma which was excised \ 
hour after leuciue-O* had Imkii injected into the peritoneal cavity. Electrophoresis took 
place at 4" C. with veronal so.lium-HCl buffer at *H 8.6 and ionic strength 0.05. The pat- 
terns shown were obtained during a 4- hour run at 8 mAmp. Human scrum was jseil lo pro- 
vide a reference of electrophorelic mobility. Diagram shows the areas from which samples 
were taken from the agar plate for the counting of radioactivity. 1 « area where reaction 
to acid blue- black st ain for protein was weakly jxjsilive and reaction to i.-dojia was negative* 
2 and 3 = areas where botli protein and L-dopa reactions were strongly positive; 4 » area' 
where protein reaction was positive and i.-dopa reaction negative; 5 » area without prbtrin 
(plain agar); LG = large granules; i'6* = small granules. 

Table 4 

Radioactivity of Klkctkopiioketically Separated Comconemts fl to 4)* op Soluble 

TYROSINASE PREPARED PMOM THE LakOE AND SMALL GRANULES ISOLATED >KOH B-16 

Mouse Melanoma 

In This Kijjcrimcnt, the Protein Content of Soluble Tyrosinase Obtained from the Small 
Granules was Approximately 1.5 *ig. Protein-Nitrogen; from the Large Granules, 5.5 
/ig. Protein-Nitrogen 



Source of soluble 
tyrosinase 


Radioactivity (cpm) 


1 


2 


3 


i 


s 


Large granules 


2.5 


V>A 


13.1 






Small granules 


5.7 


16.7 


7.9 


2.5 


I.I 



* See fjcore 25. 



■ The i» vivo incorporation of lcucine-C H into the soluble tyrosinase of various 
cell particles has been determined. Because the method of isolating soluble 
tyrosinase from cell particles is inefficient, the large-granule fraction and I be 
small-granule fraction, respectively, were used as starting material for the 
isolation process. This made it possible to obtain sufficient soluble tyrosinase 
for experimental purposes. The curve of incorporation into tyrosinase from 
the small-granule fraction rose more rapidly at first than the curve of incorpora- 
tion into tyrosinase from the large-granule fraction, reaching its peak 60 minutes 
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after injection of the leucine-C 1 *, and then fell below the curve of incorporation 
into tyrosinase from the large-granule fraction (figure 23). According to 
Reiner's mathematical analysis," the pattern formed by these two curves is 
quite suggestive evidence of a precursor-product relationship between the small 
granules and the large granules in terms of tyrosinase activity. 

In elect rophorelic studies, the soluble tyrosinase isolated from these two 
fractions was essentially the same: it contained two major components, both 
of which contained tyrosinase activity and both of which incorporated leu- 
cine-C" (ncuwi 2-i). Therefore, although the soluble tyrosinase studied in 
this series of experiments was not pure, findings make it reasonable to suppose 
that leucine-C M was incorporated into the enzyme. 

Under the electron microscope, the appearance of melanosomcs is quite 
different from that of the small particles in Fraction 2, and no morphological 
evidence has been found in the melanin-forming cell of transitional forms be- 
tween the small particles and melanosomes. The chemical composition of 
melanosomes differs from that of Fraction 2: the RNA content of Fraction 2 
was as much as 24 times greater than that of melanosomes which contain only 
4 jig. TINA-P/mg. protein-nitrogen. At the present time, therefore, it seems 
very unlikely that tyrosinase is synthesized within the melanosome. 

J.I has been suggested that substances formed in the secretory cell may be 
synthesized in or on KNP-par tides that are attached to the membrane of the 
endoplasmic reticulum, and then transferee! across the limiting membrane of 
the network and deposited in its interstices. In the form uf granules or in 
solution, the product of secretion might, move through the channels of the 
reticulum to the Golgi zone to be separated there into quanta, each surrounded 
by its own membranous envelope within which condensation would take place; 
in other words, each quantum might become a secretory granule. 42 "*" 

At the present lime, although a few mechanisms involved in the formation 
of the melanosome remain unknown (e.g. t condensation of tyrosinase in the 
region of the centrosphere and formation of the network), it can be assumed 
that in the melanocyte tyrosinase is synthesized in the ribonuclcoprotein 
particles and transferred through the endoplasmic reticulum or vesicles to the 
Golgi area where it is quantized. Each quantum might then acquire a mem- 
branous envelope within which the tyrosinase is condensed and loaded onto or 
into the network. Structures of this sort, i.e., melanosomes, gradually become 
melanized within the cytoplasm by melanin, the product of the tyrosine- 
tyrosinase reaction. As melanin accumulates on the internal network, the 
external membrane gradually becomes thicker and the density of the enclosed 
particles increases until the interstices of the inner network have been filled in. 
Eventually, each granule becomes a uniformly dense and structureless unit, 
the melanin granule, which is incapable of further melanin formation (figure 
25). 

For several decades, investigations of melanin formation have been unre- 
warding because knowledge of the basic dynamic mechanism of melanogenesis 
in the melanocyte was lacking. Now it is possible to describe the actual process 
of melanin biosynthesis. The melanosome concept of melanogenesis, evolved 
from the experimental data reported here, provides a comprehensive view of 
mammalian melanogenesis; tyrosinase, the enzyme responsible for melanin 
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formal ion, is synthesized on the RNP-par tides and loaded into melanosomes, 
where 'melanization takes place, with ensuing gradual transformation of the 
melanosomes into large amorphous structures, the melanin granules. It seems 
that in any study of the factors that regulate melanogenesis, e.g., the hormones 
or in any explanation of differences in the rate and amount of melanin forma- 



PMS 




MELANOCYTE 

Figure 25. Diagram of a melanocyte, showing melanin granules in various stages of 
development. The polypeptides that eventually become "tyrosinase* are synthesized in 
small granules (presumably ribonudcoprotein particles), transferred, perhaps along the 
endoplasmic reticulum (ER), to the Ooh/i area (C), and condensed into if pro- tyrosinase," the 
secondary and lertiary structures of which tyrosinase is composed. In the Colgi area, pro- 
* tyrosinase is scjaraled into small units, each of which becomes surrounded bv a membranous 
envelope (V). Within each envelope, the pro-tyrosinase molecules become aligned in an 
ordered pattern. When this has occurred, the unit is known as a " prcmelannsome" (PMS). 
The pro-tyrosinase then Incomes active, i.e., becomes tyrosinase, melanin biosynthesis begins 
and the particle is known as a "metonosomc" (MS). As melanin gradually accumulates in the 
cytoplasm, the melanDSoroc is eventually transformed into a uniformly dense and strac lure- 
less panicle, the "mdamn uranule" (MG) in which no lyiosinase activity can be detected 
(riGURK 1), 

t ion in normal and neoplastic cells one must consider; (1) the Tate of tyrosinase 
synthesis on the RNP-parttcles; (2) the rate of melanosome production; and 
(3) the various factors that regulate the biosynthesis of melanin from tyrosine 
in the melanosome. 

Summary 

The various components of B-16 mouse melanoma have been isolated by 
differentia) centrifugal ion, tested individually for tyrosinase activity and sub- 
jected to biochemical assay and examination under the electron microscope. 
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Twenty-eight per cent of the total tyrosinase activity of the initial homoge- 
nate of melanoma tissue was recovered in the nuclear fraction. Calculations 
show that if the nuclear fraction has been purified, it should theoretically be 
possible to recover 5.3 per cent of the total tyrosinase activity of whole mel- 
anoma tissue from the nuclear fraction. Since the purified preparation of 
nuclei studied contains approximately 70 per cent nuclei, the amount of tyro- 
sinase activity actually recovered in the purified preparation is thought to be 
almost without signi6canee. 

The large-granule preparation has been separated by density-gradient 
centrifugal ion into several fractions. The granules which have the typical 
appearance of mitochondria under the electron microscope contain a high 
concentration of succinoxidase and glutamate oxidase, both of which arc typi- 
i:al mitochondrial enzymes. These granules arc found in the gradient lube 
in a density layer where mitochondria arc characteristically found, what- 
ever their biological source. The granules which, under the electron micro- 
scope, had the typical appearance of melanosomes have been found to contain 
the bulk of the tyrosinase activity of the large-granule preparation. It is 
concluded that melanosomes and mitochondria are distinct cytoplasmic con- 
stituents of the melanin-forming cell and that each of these two constituents 
is equipped with its own characteristic enzymes. 

Although a large part of the tyrosinase activity present in the original tissue 
homogenate was found in ihe large-granule preparation, a certain amount of 
tyrosinase activity was also regularly present in the small-granule preparation. 

One type of particle isolated from the small-granule preparation by the 
density-gradient method resembled RNP-particlcs under the electron micro- 
scope; it also contained a high concentration of RNA and phospholipid as well 
as tyrosinase activity. 

The rate of in vivo incorporation of lcucine-C M into soluble tyrosinase isolated 
from both the small-granule fraction and the large-granule fraction has also 
been determined. The pattern of incorporation of leucine-C u by the soluble 
tyrosinase of these two fractions is adequate proof of their precursor-end- 
product relationship. 

The data obtained in this study of the morphology and biochemistry of cell 
components and the in vivo incorporation of leucinc-C M by soluble tyrosinase 
are all compatible with the hypothesis that tyrosinase is synthesized in small 
granules, which are presumably RNP-particles, and subsequently transferred 
through the endoplasmic reticulum to melanosomes where it is stored. Melano- 
somes thus formed arc gradually melanized until they eventually become 
uniformly dense and structureless particles, the melanin granules, which are 
incapable of further melanin formation, and eventually are excreted into other 
cells. 
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Table I Effect of hGHRF(U29)NH 2 on anterior pituitary stores of GH 



Normal females 
Saline 

Continuous GHRF 
Pulsatile GHRF 

MSG-treated males 
Satine 

Continuous GHRF 
Pulsatile GHRF 



(«) 

<&> 
(8) 
(8) 

(8) 
(8) 
(8) 



Wet weight 
(mg) 

9.8 ±0.3 

10.2 ±0.7 

1 0.3 ±0.4 

4.5 ±0.5 

4.6 ±0.5 
5.3 ±0.6 



Anterior pituitary 
GH content 

6I3±36 
623 ±68 
834 ±75* 



522 ±119 
577±U2 
680 ± 161 



GH concentration 
(u,g per mg wet wt) 

62±3 
61 ±5 
8! ±7* 

I04± 17 
!I3±I4 
1I5±20 



Anterior pituitary glands were removed, weighed, homogenized individually in 1 ml phosphate-bufiered saline pH 7.4, centrifuged for lOmin at 
1 3, 000 g and the supernaunts assayed for rat GH by radioimmunoassay (RIA), using six doubling dilutions in duplicate. See text for an explanation 
of the different treatment groups. In female rats (a), pulsatile hGHRF(l-29)NH 2 for 12 days increased pituitary GH content and concentration. 
In male MSG-treated rats {b} hGHRF(!-29)NH 2 had no significant effect on pituitary GH. 

• P<0.05 vs. both saline and continuous GHRF. 



of uniformity and availability, together with an intact 
hypothalamo-hypophysial system. The possibility that pro- 
longed pulsatile GHRF treatment might alter reproductive 
cycles in the female rat, and thus indirectly influence body 
growth must be considered, although this explanation is unlikely 
to account for the stimulation of growth produced in male rats 
by pulsatile GHRF. The simplest explanation for our results is 
that effective GHRF levels in the hypophysial portal vessels are 
achieved only by giving the peptide in pulses. Continuous 
infusions of GHRF require higher total dose rates to stimulate 
GH release and can result in rapid depiction of pituitary GH 
stores 20 . In the case of MSG-treated animals, we are replacing 
the depleted GHRF secretion, whereas in normal female rats 
we are presumably overriding endogenous GHRF secretion. 
Whether or not the endogenous secretory profile of GHRF in 
male rats shows 3-hourly episodes, an exogenous GH RF peptide 
given in 3-hourly pulses produces a plasma GH profile which 
mimics the normal male pattern. We have previously shown in 
hypophysectomized mate rats that the growth responses to a 
given dose of GH are greater if the GH is given in 3-hourly 
pulses 12 . The pattern of GH secretion is less pulsatile in female 
rats, and this may partly underlie their slower growth rates 21 . 
We reasoned that maintaining a male pattern of GH secretion 
might increase the growth rate of normal females towards that 
of the male rat This proved to be the case. 

Both normal female rats and MSG-treated male rats may 
provide useful data when considering the treatment of GHRF- 
defirient children with pulsatile GHRF 7 , especially where this 
has to be given by the subcutaneous route, which inevitably 
reduces the pulsatility. Our demonstration that a more effective 
GH secretory profile can be imposed in normal, intact (female) 
animals by patterned exogenous GHRF may well have applica- 



Table 2 Effect of hGHRF(l-29)NH 2 on tail and bone growth in 
MSG-treated rats 









Proximal 






Tail growth 


tibial growth 




<n> 


(mm) 


(u-m per day) 


Saline 


(8) 


15.4*1.3 


I37± 12 


Continuous 


(8) 


18.2 ±2.6 


137*8 


Pulsatile 


(8) 


20.6 ±1.3* 


I59±7t 



Tail lengths of MSG-treated rats were measured" under anaesthesia 
at the beginning and end of the infusion experiment (see text). The 
differences between these measurements are shown as mean ±s. cm. 
Immediately before the infusions began, each rat received an injection 
of oxytetracycline (2 mg per 100 g body weight, i.v.). Al the end of the 
experiment, the proximal tibias were dissected out and cumulative bone 
growth assessed by fluorescence microscopy according to the method 
of Hansson et o/. ,J . Results were analysed using paired Mcsts against 
littermate controls. 

• J* < 0.00 1 vs. saline; t P<0.05 vs. continuous GHRF. 

©1985 N£ 



bility in animal husbandry, provided suitable simple means for 
achieving the optimal pattern of administration can be found. 
The obvious corollary of this result is that a sub-optimal infusion 
regime might impose a less effective growth rate, which could 
conceivably be useful therapeutically in children with excessive 
rates of growth. At its simplest level, the chronically cannula ted 
female rat offers a convenient model in which to test the effects 
of different routes and patterns of administration of GHRF, its 
analogues and inhibitors on whole body growth. 

We thank Teresa Burne for technical assistance, Kabi-Vitrum, 
Sweden, for generously providing hGHRF(l-29)NH a , 
N1ADDK for materials for radioimmunoassay of rat GH, and 
Professor O. Isalcsson for teaching one of us (R.G.C) the oxy- 
tetracycline technique in his laboratory. 
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Tissue-specific expression of rat myosin 
light-chain 2 gene in transgenic mice 

Moshe Shani 
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Rchovot 76100, Israel 



One approach to determining how the differential expression of 
specific genes is regulated in higher organisms is (o Introduce 
cloned copies of the genes (or parts of the genes) into the genomes 
of Individual organisms from the very beginning of their develop- 
ment. The way in which the exogenous genetic information behaves 
during the development of the experimental organisms can then 
provide a means of defining the DNA sequences that restrict the 
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expression of the gene to specific cell types and times of develop- 
ment. So far, several different gebes have been introduced into the 
genomes of mice 1-15 , but In only a few cases have the exogenous 
genes retained the tissue specificity of expression of the equivalent 
endogenous genes' v<!5 . I report here that In two out of three 
'transgenic' mice carrying copies of the rat gene for skeletal muscle 
myosin light chain 2, the exogenous gene is expressed specifically 
in skeletal muscle cells. The sequences contained in the cloned 
copy of the myosin light-chain 2 gene used in these experiments 
are thus sufficient to confer a tissue-specific pattern of expression. 

A recombinant plasmid (pRH3MLC) containing the rat 
skeletal muscle myosin light-chain 2 (MLC2) DNA sequences 
in their entirety, in a 4.7-kilobase (kb) DNA fragment, was cut 
with Hind 111 to release the rat DNA sequences from the plasmid 
DNA and used Tor injection into fertilized mouse eggs (Fig. 
la). Superovulated females of (BALB/cxC57BL/6J) F, were 
mated to males of (C57BL/6J x DBA) F,. On the day after 
mating, fertilized eggs were recovered from the oviducts. The 
male pronuclei were microinjected with 1-2 pi containing —500 
molecules of the plasmid DNA. Eggs that survived the microin- 
jection ( — 50%) were implanted into the oviducts of 
pseudopregnant CD-I females for further development. Spleen 
DNA samples from 26 neonatal mice were analysed by Southern 
blot hybridization and four mice containing pRH3MLC sequen- 
ces were identified. DNA isolated from spleens of these mice 
(designated MLC,, MLC 2 » MLC 3 , MLC 4 ) and a control mouse 
was digested with rYwdlll, £coRI or Xbal, Figure 16 shows 
an autoradiogram of a Southern blot of the fractionated DNA, 
hybridized to 33 P-labellcd pRH3MLC DNA. In addition to the 
expected 4.7- and 4.3-kb DNA fragments in the Hind III digest, 
several minor fragments that hybridized to the probe could be 
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Fig. 1 Map of plasmid DNA pRH3MLC and Southern blol 
analysis of DNA from four transgenic mice, a. The 4.7 -kb Hindi 11 
DNA fragment containing the rat MLC2 gene was cloned into the 
Hindi II site of pBR322 (ref. 16). Boxes indicate the positions of 
the seven exons; empty boxes represent the 5'- and 3'-unt ran slated 
regions; solid boxes represent coding sequences. £\ Total spleen 
DNA < 10 »g) from the four transgenic mice ( I -4) and a control 
mouse DNA (C) was digested with Hind III, Eco RI or Xbal. The 
DNA fragments were fractionated on a 0.8% agarose gel. trans- 
ferred to nitrocellulose filter and hybridizes with "P-labelled 
pRH3MLC DNA The blot was washed in stringent conditions 
(0.1 xSSC. 0.2% SDS at 75 °C for 2 h) not allowing detection of 
the mouse gene. Plasmid pRHJMLC DNA samples digested with 
HindUI corresponding to 1, 4 and 16 copies per diploid mouse 
genome were included to estimate the copy number of inserted 
DNA in transgenic mice. Molecular sizes are shown in kb on 
the left. 



observed in DNA from mice MLC,, MLC 2 and MLC 4 , these 
fragments resulting from either junction fragments with cellular 
DNA or rearranged sequences. 

As the pRH3MLC DNA was cut with Hindlll before micro- 
injection, multiple orientations of MLC2 and pBR322 DNA 
sequences were expected (Fig. I). For example, in the Eco Rl 
digests, the 1.6-kb DNA fragment seen in the four transgenic 
mice is a product of cleavage at the internal Eco RI sites of the 
MLC2 gene. The 2.0-kb DNA fragment in transgenic mice 
MLC,, MLC 3 and MLC 4 is a product of cleavage at the 3' end 
EcoRl site of MLC2 gene, when it is integrated next to pBR322 
DNA in a head-to-tail configuration. This fragment is undetect- 
able in mouse MLC 2 DNA; instead a predominant 6.3-kb DNA 
fragment appears, indicating that most of the MLC2 DNA 
molecules in this mouse are arranged in tandem arrays with 
pBR322 DNA in a head-to-head orientation. Similarly, in the 
Xbal digests, the 3.9- kb DNA fragment is a product of cleavage 
at the two sites when pBR322 DNA is flanked on both sides 
with MLC2 DNA sequences. Analysis of the restriction pattern 
indicated that most of the copies of the injected DNA are 
integrated tandemly in the mouse genome. The number of 
pRH3MLC DNA copies in each mouse was estimated by com- 
paring the intensity of the hybridized fragments with those of 
known amounts of plasmid DNA. Thus, mice MLC,, MLCj, 
MLC 3 and MLC 4 contain —20, 10, <I and 16 copies per cell, 
respectively. 

To examine the transmission of the inserted DNA sequences 
to progeny, each of the four transgenic mice was mated with a 
normal mouse. Southern blot hybridization to spleen DNA from 
the progeny of MLC|, MLC 2 and MLC< revealed that the 
inserted DNA sequences were transmitted faithfully through 
the germ line to —50% of the progeny (data not shown; see 
Fig. 2), the expected frequency if the majority of the multiple 
MLC2 copies are integrated tandemly at a single site of one 
chromosome. 

In contrast to the mendelian inheritance of pRH3MLC DNA 
sequences in mice MLC,, MLC 2 and MLC 4 , mouse MLC 3 did 
not transmit the injected DNA to any of its first 60 offspring. 
This female mouse contains <! copy per cell of the inserted 
DNA (Fig. 1 o) and is apparently a mosaic in which the injected 
DNA is present in only a small proportion of its somatic cells. 

To investigate whether the expression of the rat MLC2 gene 
in transgenic mice was tissue-specific, RNA was extracted from 
skeletal muscle and other organs from the progeny of two 
transgenic mice. The presence of rat MLC2 transcripts in these 
RNA preparations was determined by the S, endonuclease tech- 
nique, using as a probe the coding strand of the 630-base pair 
(bp) Hinfl/Hinfl DNA fragment derived from the 5' region of 
the rat MLC2 gene and labelled at the 3' end with reverse 
transcriptase (see Fig. 3). In stringent hybridization conditions 
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Fig. 2 Inheritance of pRH3MLC sequences in the four transgenic 
mice. Each transgenic mouse was mated with normal mouse 
Heterozygous male and female progeny of MLC, and MLC 2 mice 
were mated to give rise to normal homozygous mice. Mouse MLCj 
is probably a mosaic. Squares represent males, circles females, 
intersecting diagonals homozygous mice, single diagonals 
heterozygous mice. Mice denoted RNA'*' contained MLC2 tran- 
scripts in skeletal muscle whereas mice denoted RNA <-) did not. 
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Fig. 3 S, analysis of rat MLC2 RNA in the progeny of transgenic 
mice MLC, and MLC 2 . a, 25 ng total RNA from the indicated 
tissues and total RNA from differentiated cultures of the myogenic 
cell tine L8 were hybrid izied at 46 "C for 16 h to a 3 '-end- label led 
Wfnfl/ HinU DNA fragment prepared from pRH3MLC DNA (sec 
scheme in b). Th, thymus; Te, testes; Br, brain; Sk, skeletal muscle; 
He, cardiac muscle; Lu, lung; Ki, kidney; Li, liver. Hybridization 
reactions were incubated with 5,000 U S, nuclease (Miles) for 
30min at 42 °C. S,-resistant hybrids were sized on 5% acryl- 
amide/7M urea gel. 6, Map of the 5' region of the rat MLC2 gene 
and the hybridization probe. Boxes, exons; solid lines, introns and 
5'- flanking region; open box, 5 '-untranslated exon; solid box, first 
coding exon. The 3' label is indicated by an asterisk and the lengths 
of the probe and the protected fragment are also indicated. 



a 5 




Fig. 4 The rat MLC 2 gene is initialled correctly in progeny of 
transgenic mice MLC 2 and MLC A . Total RNA from skeletal muscle 
of male (d) and female (9) progeny of transgenic mice MLC,, 
MLCj and MLC«, RNA from skeletal muscle of control mouse 
and from differentiated cultures of the myogenic cell fine L8 were 
hybridized with S'-end-labelled Sau3A/EcoR\ DNA fragment (see 
c). RNA (u-g) in each hybridization reaction is indicated, a. 
Hybridization performed at 42 "C and S, digestion at 37 °C; 6, 
hybridization at 37 °C and S, digestion at 32 °C. After treatment 
with S, nuclease, the resistant hybrids were sized on 5% acryl- 
amide/7 M urea gels. c. Map of the 5' region of the rat MLC2 
gene and the probe used in the hybridization. Boxes, exons; solid 
line, introns and 5'-fianking region; open box, 5'-untranslated 
exon; solid box, first coding exon. The 5' label is indicated by an 
asterisk and the lengths of the probe and the protected fragment 
are shown. 



(hybridization at 46 °C and S, digestion at 42 °C), cross-hybridiz- 
ation to the endogenous mouse MLC2 transcripts did not occur. 
Authentic rat transcripts protect a 54-nucleotide DNA fragment 
from S, digestion. The appearance of several bands at that region 
probably results from S, nibbling at the end. Figure 3 shows 
that no rat M LC2 transcripts could be detected in skeletal muslec 
RNA or any of the other seven tissues of mouse MLC,. In 
mouse MLC 2 , however, transcripts were detected in skeletal 
muscle RNA but not in RNA from the other tissues tested. 
Analysis of RNA prepared from mouse MLC 4 revealed the 
presence of a large amount of the rat transcripts only in skeletal 
muscle (data not shown). 

Muscle-specific transcripts in transgenic mice MLC 2 and 
MLC 4 could arise either from readthrough transcription initiated 
from upstream mouse promoter expressed in skeletal muscle or 
from initiation at the authentic rat MLC2 promoter. To distin- 
guish between these two possibilities, the site of the initiation 
of these transcripts was determined. The coding strand of a 
289-bp SaulA/EcoRl DNA fragment 3J P-Iabelled with T4 poly- 
nucleotide kinase was hybridized to RNA from differentiated 
cultures of the rat myogenic cell line L8, to control mouse 
skeletal muscle RNA and to skeletal muscle RNA from males 
and females of the first generation progeny of mice MLC,, MLC 2 
and MLC 4 . RNA from the rat myogenic cell line protected a 
50- nucleotide DNA fragment (Fig. 4). The appearance of two 
bands spaced one nucleotide apart probably results from S, 
nibbling of the sequence that immediately precedes the cap site. 
RNA from control mouse skeletal muscle protected a 76-nucleo- 
tide DNA fragment. These unexpected results suggest that: (I) 
there is a similarity in the sequences of the 5'-untranslated exon 
and immediate flanking region of the rat and the mouse MLC2 
genes and (2) the transcription of the mouse MLC2 gene is 
initiated -20 nucleotides 5' to the initiation site of the rat MLC2 
gene. In more stringent hybridization conditions, such as those 



chosen for the Hinf] DNA fragment (Fig. 3), there was no 
cross-homology with the mouse exon. (Also, compare the 
intensity of the signals of the 76-nucleotide band in Fig. 4a, b.) 
The stringency was lowered here so that the hybridization to 
the mouse exon is an internal control for the intactness of the 
RNA preparations of mouse MLC, and the control mouse. RNA 
from three out of four progeny of transgenic mouse MLC 2 and 
two progeny of mouse MLC 4 protected the diagnostic 50-nucleo- 
tide DNA fragment ( Fig. 4). As expected, skeletal muscle RNA 
of MLCj mice gave no detectable signal. 

The MLC2 gene is a member of a large group of genes 
activated during terminal differentiation of muscle cells 17 . The 
results presented here demonstrate that in two out of the three 
transgenic mice tested, the injected rat MLC2 gene responded 
to normal developmental controls. Its expression was detected 
only in skeletal muscle. Thus, the 4.7-kb rat DNA fragment 
containing the entire MLC2 gene includes ro-acting sequences 
sufficient to specify the correct expression of this gene. RNA 
transcripts of this gene were found in skeletal muscle in three 
of four progeny of MLC 2 and in two progeny of MLC 4 , and 
not in any other tissue. The RNA had the correct initiation site 
of the authentic rat MLC2 gene, which differs from the 
endogenous mouse MLC2 by -26 nucleotides. Interestingly, a 
similar frequency of non -expressing progeny (two of eight) has 
been reported for transgenic mice expressing the rabbit 0-globin 
gene in skeletal muscle'. 

The levels of expression of the inserted rat gene are -5-10% 
(in MLC 3 ) and 5-10 x greater (in MLCJ than in differentiated 
cultures of the rat myogenic cell line LS. The variable levels of 
specific expression could result from position effect, thus integra- 
tion into non-homologous chromosomal sites may influence the 
level of expression of the foreign gene. 

Several genes have been inserted into mice 1 " 13 . Tissue-specific 
expression of introduced genes, however, has been reported 



91985 Nature Publishing Group 



BEST AVAILABLE COPY 



LETTERSTO NATURE — nature vol. 3m 21 march mm 



only in four other cases; the rearranged immunoglobulin in k 
gene 12 , the rearranged immunoglobulin heavy-chain gene 1 *, the 
rat pancreatic elastase I gene' and the fused gene consisting 
of the 5' end of the mouse 0-globin gene spliced to the 3' end 
of the human 0-globin gene (F. D. Constantini, personal com- 
munication). In the first three cases and in the rat MLC2 gene 
in mouse MLC 4 , the level of expression was similar to that of 
the endogenous gene, whereas in the globin and rat MLC2 genes 
in mouse MLC 2 , the level of expression was considerably lower 
than the endogenous counterparts. One possible interpretation 
is that the immunoglobulin and the elastase I genes include 
tissue-specific enhancer sequences that are recognized as such 
even when the genes are integrated at different chromosomal 
sites. Evidence for the dramatic effects of enhancer sequences 
on the efficiency of expression of genes introduced into somatic 
cells has been obtained 18 . There is no evidence that the injected 
MLC2 DNA fragment includes specific enhancer elements. 
Therefore, the hundredfold difference in the level of expression 
in the two transgenic mice could result from either the absence 
of such elements or their weakness. Thus, in mouse MLC 2 , these 
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sequences arc neutralized easily by the local chromosomal 
environment at the site of integration, whereas in mouse MLC< 
they overcome the position effect. 

Production of transgenic mice expressing muscle-specific 
genes or specifically modified genes in the appropriate tissue 
would allow a detailed study of the parameters affecting tissue- 
specific gene expression (for example, site of integration, DNA 
methylation or chromatin organization). Moreover, the control 
of expression of the inserted genes can now be analysed in 
myogenic and non-myogenic cells isolated from these mice. 

I thank Professor David YafTe for support, advice and 
encouragement, Dr Uri Nudel for fruitful collaboration, Pro- 
fessor Frank Ruddle and Dr John Cordon for advice on the 
microinjection technique and Dr Cynthia Webb for helpful 
suggestions. The project was supported partly by the Inter- 
national Cancer Research Data Bank Programme of the 
National Cancer Institute, NIH, under contract N0I-CO-6534I 
(ICRETT) and partly by the International Union Against Can- 
cer. Support was also provided under NIH grant GM-22767, 
the MDA and the Minerva Foundation, Munich, FRG. 

9. Burki, K. A UUricb. A. EM BO J. I, 127-131 (1982). 

10. Patmitcr. R. Chen, H. Y. & Brinuer, fL l_ Off 29, 701-716 (1982). 

1 1. McKnight, C. S., Hammer, R. E-. Kucnzel. E. A. ft Bri niter, R. L Celt 34. 335-341 (1983). 

12. Bri aster, R. L. « oL Naiurr 306, J3 2-336 (1983). 

13. Slewan, T. A., Pattertgale, P. K. &, Leder, P. Cefl 38, 627-637 (1984). 

14. Swift. C R, Hammer. R> £.. MatDonald.. R. J. A Brawler. R. L CeO 33, 639-646 (1984). 

15. Grouched!, R., Weaver, D.. Baltimore. D. & Costintini, F. CeQ 3*. 647-658 (1984). 

16. Nudel, U., Colvo, J., Shoni, M. A Levy, Z. Nvchiz Acid* Re* 12, 7175-7186 (1984). 

17. Carmon, Y.. Ciosnek, H., Nudel, U.. Shani, M. fl Yoffe, D. Nwirk Acids Rty 10, 3085- 3097 

(1982). 

18. CrMl, P. DNA X 1-5 11984). 



Regulation of a collages 
gemie jwroinrioteir by the 
product off viral vnos ©icogeime 

Azriel Schmidt, ChiaEii Setoyama 
& Benoifl de Crorabrugghe 

Laboratory of Molecular Biology, National Cancer Institute, 
National Institutes of Health, Bethesda, Maryland 20205, USA 



Oncogenic transform at ioa of cells produces important changes in 
the biosynthetic pattern of certain cellular proteins' -4 . For 
example, the synthesis of type I collagen io transformed fibroblasts 
is severely reduced as a result of changes in transcription 7 " 10 . Here 
we report the results of BNA-medUted transfectioo experiments 
using recombinant plasmids in wtiicEi the promoter region of the 
©2(1) collagen gene is fused to an easily recognizable marker 
gene, and cell lines expressing the marker gene are Isolated. Our 
data show thai the expression of the marker geae fused to the 
cloned or 2(B) collagen promoter Is strongly Inhibited by v-mos 
transformation, suggesting that a common mechanism inhibits 
both the dransfected and endogeneous <tf2(II) collagen promoters. 

The a 2(1) collagen gene is very large (—40 kilobase pairs(bp) 
with —SO exons) and is therefore difficult to manipulate in 
vitro. To overcome this problem in studying its expression by 
DNA-medialed transfection experiments, we have fused the 
promoter region of this gene to either the bacterial gene for 
chloramphenicol acetyl transferase {cat)* 2 or the gene for amino- 
glycoside phosphotransferase (neo) n . Although such construc- 
tions may not contain all the regulatory elements controlling 
the expression of the endogenous or 2(1) collagen gene, they do 
allow us to test whether the 5'-flanking sequences of the a2{\) 
collagen gene which are present in these hybrid plasmids are 
sufficient for regulation by oncogenes. Figure 1 shows the plas- 
mids constructed for our experiments. We first trans fected NIH 
3T3 cells with DNA of plasmid pHOlOOO, in which the chick 
or2(I) collagen promoter is fused to the cat gene. This plasmid 
also contains the gene for guanine phosphoribosyltransferase 



(gpt) fused to the early promoter of simian virus 40 (SV40). 
Clones positive for the expression of both the gpt and cat genes 
(ATI, AT2, AT3, etc.) were isolated. One of these clones (AT3) 
was examined by Southern blotting to show that the plasmid 
was stably integrated throughout at least two cycles of subclon- 
ing. We estimated that this cell line contains about eight copies 
of the a 2(1) collagen promoter-caf DNA unit (data not shown). 
A Northern hybridization experiment indicated that the RNA 
produced by the collagen promoter- cat transcription unit in 
these cells was a discrete species —1,600 nucleotides (Fig. 2a), 
consistent with a transcript starting from within the cloned 
chicken a 2(1) collagen promoter and ending at the SV40 poly- 
ad enylation site present downstream from the cat gene in 
pHOlOOO. The results of a primer extension experiment (Fig. 
26) further indicate that the cat gene transcript starts at the 
correct site in the cloned or 2(1) collagen promoter. In the same 
cells, gpt transcripts initiate at the major transcription start site 
in the early SV40 promoter (Fig. 2ft, lane 2). 

To determine whether the expression of the hybrid a2(I) 
collagen promoter-car transcription unit was also inhibited by 
oncogenic transformation after it had been introduced into NIH 
3T3, we first transformed three cell lines with the mouse Moloney 
sarcoma and leukaemia virus complex (MMSV). In all three 
clones, the level of CAT activity was reduced 7-14-fold after 
transformation (Fig. 3fl, Table la). Dot-blot hybridizations 
using RNA extracted from one of these lines showed that the 
levels of endogenous or2(I) collagen RNA and those of car RNA 
decreased 8-10-fold after MMSV transformation, whereas the 
levels of actin RNA were unchanged (Fig. 3o). 

The plasmid construction used in these experiments also 
harbours the early promoter of SV40, which is fused to the 
bacterial gpt gene (Fig. la); this SV40 promoter segment 
includes the SV40 enhancer sequences 14,15 . To determine 
whether SV40 enhancer sequences are required for inhibition 
of the a 2(1) collagen promoter after MMSV transformation, 
NIH 3T3 cells were transacted with pAZ1005, a plasmid in 
which a mouse a 2(1) collagen promoter segment is fused to the 
neo gene but which does not contain SV40 enhancer sequences 
(Fig. 1 c). Several colonies resistant to the antibiotic G418 (posi- 
tive for the expression of the neo gene) were isolated and 
transformed either by MMSV or by a plasmid containing the 
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Varied effects of rh* m ir*i m«i ^ , ^ pearance in various tissues of the body. Despite recent 

many groups. J £ date, nolT^ 1 T* * 
established necessary and/or opUmal parameters for ? , unknow " a ^° ut the «** of melanin in embryonic 
testing such agents. A standardized method has been ° ev f lo P ment - function® in certain parts of the 
developed to screen compounds with potential effects ' eyeS ' ears ' its P h °toprotecUve nature in the 
on pigmentation. The protocol comprises basic pa ram- i* 1 "' and its determination of phenotypic appearance, 
eters to analyze melanogenic effects and allows for n 31,(1 hair co * or depends on the amount, size, and 
further characterization of candidate compounds. of m ^lanins produced by melanocytes, pigment- 
providing important Insights Into their mechanism of Producing cells found at the epidermal- dermal June- 
action. In this protocol (termed STOPR, for standard- aon 3X111 01 h auY follicles (reviewed in 1-5). Starting 
used testing of pigmentation regulators), compounds with the enzyme tyrosinase, and in concert with other 
are initially screened using purified tyrosinase and melanogenic enzymes, melanin is synthesized in mela- 
are then tested on melanocytes In culture. After treat- nosdmes, is transferred from melanocytes to keratino- 
ment of inelanpcytes with potentially bloactivo com- cytes, and eventually disappears with desquamation of 
r^n»i!^ Pr ° U * rat, f an and ^ iabi Kty. total melanin the skin and/or hair growth. Melanin is also an impor- 

Identified, testing may proceed for pharmacological or £l ! ?; ^ * « dramatic inverse correlation 

otherwise commercial applications in cocVlture ^tween skin pigmentation and incidence of skin ma- 

and/or organ culture models followed by in viva test- l fP ans ^ and UV pbotodamage (11-15). Pigmenta- 

ing. As an application of this method, results for com- * n humans also has an important cosmetic role 

pounds known to stimulate and/or inhibit melanogen- * h!ch 03X1 com P romise d in certain hyperpigmentary 

»ls (including arbutln, hydroqulnone, kojic acid, n condit!ons and/or in lesions such as melasma, age 

nelanocyte-stlmulating hormone, and thymidine s P° ts » and postinflammatory hyperplgmentation (16- 
Jimers) as well as some commercial skin whlteners are 

19). 

^P° rt ^ There has been great variation in studies on various 

Key Words: mtfanin; pigmentation; assay; tyrosinase, bioactlve compounds targeted at regulating melanin 

— : production; in part, this variation stems from diverse 

conditions of melanogenic assay, different ceil lines 

Piemenrarinn • t ^ (including melanoma cells) used as targets, and differ- 

tive agents for therapy of pigmentary lesions, a method 
' To whom correspondence should be addressed at Laboratory of ^ bsen ^ eveit >P^ which allows extensive testing of 

ell Bto'ogy. National Canter institute. National institutes of P utatlve bioactives with minimal expense and effort, 
anw >p tlft 3 lL R f om J B ? ^ • Bethesda - MD 20892- F«« Ooi) which renders outstanding reproducibility, and which 
E-mail, hearingv^n.h.gov. accurately determines efficacy of action. In the 
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STOPR* (standardized testing of pigmentary regula- 
tors) protocol, putative melanogenic regulatory com- 
pounds are initially screened using purified tyrosinase 
and are then tested for effects on cell proliferation, 
total melanin accumulation, and melanogenic poten- 
tial using cultured pigmented murine melanocytes. 
The results obtained with the STOPR method show 
that this is a reproducible, economical, and reliable 
series of assays for screening potential melanogenic 
compounds, which provides Important insights into the 
mechanism(s) of their action. Here we report the ef- 
fects of melanogenic inhibitors (kojic add, hydroqui- 
none, arbutin, and niacinamide) and stimulators 
(a-melanocyte, stimulating hormone (MSH) and thy- 
midine dimers). as well as some commercial formula- 
tions which contain putative inhibitory ingredients. 

MATERIALS AND METHODS 
Chemicals 

All tissue culture medium components were ob- 
tained from GIBCO BRL (Long Island, NY). Propylene 
glycol, L-tyrosine, L-3,4^ihydn^yphenylalanlne (Dopa). 
MSH, dimethyl sulfoxide (DMSO), hydroquinone, kojic 
acid, arbutin, niacinamide, phorboi 12-myristate 13- 
acetate (PMA), and /J-mercaptoethanoI were from 
Sigma Chemical Co. (St Louis, MO). L-JU-^CJTyrcsine 
was obtained from Dupont-New England Nuclear (Bos- 
ton, MA). Mammalian tyrosinase used In the melano- 
genic assays was purified as previously described (24. 

The thymidine dimer mixture used was synthesized 
from thymidine (Sigma) by UV cros^Unking with six 

i wr an,ps ^ 254 nm wave,en g*h) 1" distilled water at 
78 C. The solvent was removed and the resulting oily 
residue was purified with a preparative gel filtration 
column using chloroform/methanol as a solvent. Five 
distinct fractions of thymidine dimers were isolated 
and identified (26) as pure dimers or as mixtures; only 
Traction 5, which consists of a mixture of the cls-syn 
and cfc-antl dimers of thymidine was used in this 
study. 



of 2% ethanol or less) or in 2.5% DMSO (to a final 
concentration in culture of 0. 1% or Jess). All compounds 
reported in this study were dissolved in 25% PEH, 
which was used as a solvent control. As an approach to 
determine solubility. 50 mg of each compound was 
dissolved in 1 ml 25% PEH. In case of poor solubility, 
50 mg of the compound was dissolved in I ml DMSO 
and diluted with increasing amounts of H 2 0 to reach a 
final DMSO concentration of 2.5%. The compound con- 
centration was then adjusted to 25 mg/ml in 25% PEH 
and solubility in both vehicles was compared. If com- 
pounds were not soluble in PEH or DMSO, the ethanol 
concentration was increased. 

From stock solutions of 25 mg/ml, dilutions of 5 and 
1 mg/ml were made with the selected vehicle, and 
aliquots of 200 *il were always added to the culture 
wells with 4.8 ml medium (i.e.. a 25 X dilution). In some 
cases, compounds were not fully soluble at the highest 
concentration in any vehicle tested, in which case a 
homogeneous suspension was used to prepare the next 
dilution, which was in most cases soluble. Compounds 
were tested at concentrations ranging from 0.06 pg/n\l 
(for the most insoluble and/or cytotoxic compounds) to 
1 mg/ml, at least in duplicate, as detailed in the figure 
legends. 

Cells, Culture Techniques, and Treatments 



Compound Solubilization 

> c 2°«!?, Unds were generally dissolved at 25 mg/ml in 
15% PEH vehicle (12.5% propylene glycol, 7.5% etha- 
ioy and diluted 25X in culture. Compounds that are 
lot soluble in 25% PEH can be solubilized fln modified 
Events that contain increasing ethanol and decreas- 
es propylene glycol (to a final concentration in culture 

J!^"* l ? t ! 0ns UScd: DMSO - ^methyl sulfoxide; Dopa. 3.4-dJhy. 
state 13-aceiate: STOPR, stamped lesdng of pigmentary 4 



Melan-a melanocytes were a kind gift of Dr. D. C. 
Bennett (St. George's Hospital London). They were 
originally derived from C57BL/6 mice (27). and were 
grown in a humidified atmosphere with 10% CO* at 
37*C. Cells were routinely passaged in complete RPMI 
1640 medium, which contains 5% heat-inactivated fe- 
tal calf serum. 50 U/ml penicillin, 50 /tg/ml streptomy- 
cin, 100 i$M 0-mercaptoethanoJ, 2 mM L-giutamime. 
and 200 nM PMA. Cells were harvested by brief treat- 
ment with trypsin/EDTA (GIBCO) and resuspended in 
complete RPMI 1640 medium. Viable cells, determined 
by trypan blue exclusion, were counted in a hemocy- 
tometer, resuspended in the appropriate volume of 
complete RPMI 1640 medium, and seeded at -2 x 10* 
cells/well in 6-well plates. 

For treatment of cells, compounds were added 24 h 
after seeding in dupMcate wells at three different con- 
centrations, as detailed in the figure legends. Equiva- 
lent volumes and concentrations of diluents were 
added to duplicate control wells. Cells were treated 
with compounds for a total of 4 days. After allowing 1 
day for cell attachment, the medium was changed and 
compounds were added in fresh complete RPMI 1640 
medium. Two days later, the medium was changed and 
fresh compounds were added Jn fresh complete RPMI 
1640 medium. Two days later, cells were photographed 
and then harvested with 0.5 ml trypsin/EDTA for 3 
mln. After dislodging the cells with occasional agita- 
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tion, 2 ml of fresh complete RPMI 1640 medium was 
added to inactivate the trypsin and 100-jd altquots 
were seeded into flat-bottom 96-weIl plates for the 
MTT assay, as described below. The remainder of the 
cell suspensions were centrifuged for 5 min at \500g. 
washed with Dulbecco's phosphate buffered saline 
(without Ca and Mg), and then solubilized In 240 ;tl of 
extraction buffer (1% Nonldet P40, 0.01% SDS. 0,1 M 
Trfc:HCl, pH 7.2. 1 Mg/ml aprotinin. 100 /tM phenyl- 
methylsulfonyl fluoride and Protease Inhibitor cocktail 
(Boehringer-Mannheim. Indianapolis, IN)). Extracts 
were solubilized at 4*C for 60 min and assays as de- 
scribed below were conducted for each sample, at least 
in duplicate. 

Cell Viability and Proliferation 

The MTT assay kit (Boehringer) was used to deter- 
mine cellular viability and proliferation. Cells were 
treated for 4 days as described above and 100-fd all- 
quots of harvested cells were plated in flat-bottom 96- 
well microtiter plates. Ceils were allowed to attach and 
grow overnight at 37°C before performing the MTT 
assay according to the manufacturer's Instructions. 
The formazan precipitates were quantitated by absor- 
bance at 562 nm In a SpectraMax 250 ELISA reader 
(Molecular Devices, Sunnyvale, CA) with a reference 
wavelength of 690 nm Absorbance values (562-690 
nm) of controls and treated cells were measured. The 
doubling time for melan-a melanocytes Is typically 
48 h, thus two ceil doublings occur during the 4-day 
treatment period. The number of cells (% confluence) 
was observed under an Inverted phase-contrast micro- 
scope in three randomly selected fields of view. Per- 
centage confluence was assessed before harvesting and 
again before performing the MTT assay. 

Melanin Content in Ceil Extracts 

Melanin content was measured using a modification 
of a previously reported method (28). Aliquots of ex- 
tracts (100 /xl) were transferred to 96- well plates, 
mixed well, and immediately quantitated by absor- 
bance at 650 and 490 nm. Melanin contents of control 
and treated samples are reported on a per well basis. 

Radiometric Assays 

Compounds were tested for direct effects on tyrosi- 
nase activity using a modified radiometric tyrosinase 
assay (24, 25), and the same assay was used for mea- 
suring effects on melanocytes. Compounds were solu- 
bilized at an initial concentration of 5 mgflml. Briefly, 
:he melanogenic tyrosinase assay was performed in 
juadruplicate In 96-well microtiter plates by adding 10 
U compound and 20 /d purified tyrosinase, in that 
>rder. After 30 min preincubation at 23T, 10 /d of 



L-rC] tyrosine was added along with 10 /d 0.25 mM 
L-Dopa cofactor in 1 M sodium phosphate buffer, pH 
7.2, containing 0.01% albumin. Reactions were incu- 
bated for 1 h at 37°C. after which 100 /d 0.1 M HCI 
with excess unlabeled L-tyrosine was added to each 
well. The contents of each well were removed with a 
multichannel pipettor to a dot-blot apparatus (Blo- 
Rad, Hercules, CA) and acid-insoluble radioactive mel- 
anin and melanin precursors were bound to ZetaProbe 
blotting membranes (Pharmacia, Plscataway, NJ) for 
15 min at 23°C. The membranes were then dried under 
vacuum and washed three times with 250 /dO.l M HCI 
with excess unlabeled tyrosine; they were then re- 
moved from the apparatus and washed three more 
times for 20 min each with 100 ml 0.1 M HCI. Mem- 
branes were then air-dried and exposed to a Storm 
phosphor screen; quantitation of radioactive melanin 
production on those blots was performed using a Storm 
860 Phosphorlmager and ImageQuant software (Mo- 
lecular Dynamics). 

Visible melanin on those same blots was quantitated 
by two methods; (a) Membranes were photographed 
with a Kodak DC120 digital camera, and individual 
spots on the images were analyzed by computer using 
the NIH Image program, available at http://rsb;info* 
nlh.gov/nih-image/default.html; and (b) membranes 
were also quantitated with a Minolta ChromaMeter 
CR-241; three random fields were measured for each 
spot and the three color parameters (L*, a\ and b*) 
were converted to percentage control. In the L* a* b* 
color space coordinates, L* indicates lightness, and a* 
and b* are the chromaticity coordinates; +a* is the red 
direction, -a* Is the green direction. +b* is the yellow 
direction, and -b* is the blue direction. The center is 
achromatic +L* is white and -L* Is black. 

Miscellaneous 

Protein concentrations were determined with the 
BCA assay kit (Pierce Chemical Co., Rockford, IL) us- 
ing bovine serum albumin as the standard, following 
the manufacturer's instructions for the microliter plate 
format. 

RESULTS AND DISCUSSION 

General Considerations 

Many potential approaches for testing melano- 
genic effects were considered in optimizing the 
STOPR method to accurately, reprodudbly, and eco- 
nomically measure inhibition or stimulation of mel- 
anogenic activity. Screening for bloactive melano- 
genic compounds requires four discrete steps, 
quantitating (1) effects on enzymatic activity in 
vitro, (2) effects on cultured normal melanocytes. (3) 
effects on melanocyte:keratinocyte cocultures, and 
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A) Visible melanin - deterteti by <sye 
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B) Radiolabeled Melanin - detected by autoradiography 
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Hydroquinone 
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SeVcrn £ compounds. Purified tyrosinase was prdncubat^ with the compounds 
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S^LZ^ ^ Matef l alS Bnd Mcthods ' W membrane photographed with a Koda& rcla> 

^nUte^f^S! i me [ a . n,n - ^V"* Mme membrane scanned with a Storm Phosphorlmaar toll*** radioactive mdanJ^ (a 
S " ™ '? A iterated with the software program NJH Jmaje; result e^pres^d^^^eS 

SES a' Zl/Is" ? /^ S rf m 0f vWWe melan,n Shown ln A mcasurcd wUh a Minolta ChromalVW CR44?£ 

" * to « and are pressed as % 



unally, (4) toxicity and efficacy testing in vivo. This 
;tudy focused on methodology for the first two steps, 
vtolcft are critical to initial screening of putative 
lioactJve compounds. Primary melanocytes in cul- 
ure might be thought to be optimal to examine in 
'ivo effects, but in reality, due to the limited proljf- 
Tatlve capacity of primary melanocytes and the 
ariabllity of phenotypes generated, immortalized 
nelanocytes, such as melan-a, are a more reliable 



model. Pigmented melanoma cell lines have often 
been used in previous studies to assess the efficacy of 
meianogenic compounds (2I f 29-37), but trans- 
formed cells are really not appropriate models for 
epidermal hypo- or Superpigmentation since they are 
abnormal melanocytes by definition, and since their 
proliferative potential and disrupted intracellular 
signaling interferes with normal melanin production 
(cf. discussion below). Pigmented melan-a melano- 
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C) Visible melanin - quantitated by densitometry 
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E) Visible melanin - quantitated by ChromaMeter 
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FIG. I— Continued 
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ytes are routinely used for testing in this protocol; 
lese melanocytes are pigmented and dendritic and 
re only slowly proliferative (27). It should be noted 
lat FMA is routinely added to all media since it is 
squired for melanocyte proliferation. However, 
MA depletes PKC and thereby at least In part 
utes Intracellular signaling events and can de- 
ease melanocyte responsiveness. 



In Vitro Testing 

Compounds were initially tested in vitro on purified 
tyrosinase, using a {"CJtyrosine dot-blot assay to 
quantitate effects of bioactive compounds on melanin 
content and melanogerrfc enzyme activity. Initially, the 
affinity of different membranes for radiolabeled mela- 
nin was assessed, including 3MM filter papers (What- 
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(e.g., arbutin, hydroqulnone and Jcoik add m~4?W Th<Z* ~ _? nm)ls ' 

Compounds wended for Xtfon TvLlnase tester eZT* 8 *? "^f^ whe " 

using the ["qtyrosine melanogenfc assay iTS SSJnffS IT 6 f ° genlC J 6 *** to soIuble 

under Materials and Methods, Figure 1 A Tho^ fS r , 3 ^ Wata " 0t shown) - Such 

appearance of the ZetaPr^emKe 2£ btadit JK£!X2nf ^ ^"^^ SUffl - 

and washing of the samples RadioacNvP ™i™Y~ „f j« ^ screening effects on tyrosinase activity 

the same rnTmbrane £ dete^^^ LmS^T 6 15 T fl?*^ Most 
shown in Fig. IB. The amcwnTof vtelhS So?.? t mammal,a " tyrosinase should be used for these stud- 
readily quanUtatedby Zmb^e ^^^l^ S™* "mmencially available mushroom tyrosinase, 
ysls with NIH Imag£ SaTfpTTcfor I" SET dramat,ca ^ ^ubsCe and 
ChromaMeter (Fig. W .SE^JISrtn ESal SS""* ^ " t0 ,nh,b '- 

anin (eitheTvisib^ oSf?" ^r^ 10 ^ "H* 1 "* ^ to contro! 

ous compounds is readily appSwC!^' fifT ♦« ^^"J 5 b * inhibiting (or stimulating) 
with theWesetsof JffiSSJtaSSSSfK SSy'SSS. S512S f" appn ** 
membrane. Controls in the bottom row conSned en! e£^^r^^nlT > ^°?t 3lmed at 
zyme In aqueous solvent (the rtoud of four on thl j»m en »ng skin colon The STOPR protocol has been used to 
In PEH vehicle (the^oup ^ foTin ^le^iddlS ^ oT severa! « «hese commerdlally 

enzyme (the group 5 fci „n the fi^S&JS W^Xn^h"* F ^ ^dients (F,g. £ 
background. Note that there Is fieneraUv h»?n«* «fi , .if^' AnUTa f hes MaJns - and Fair & Lovely were 
ways 8 a direct correlation u\ viffbtelnd* radiative Sl'n^T *t ^ J ^ redien£s - arb ««n. 
melanin produced. As an 6^0^^^^™^ f> !° d n "! dna . mide ' respectively. Arbutin was Inhlb- 
tyroslnase with the InhiWtoT Mfc ad uS^SSLf 17 ^ me,anIn P"* 1 ""^ a dose-dependent 
rable decreases in SelX^X^^Stn T"™^ ^"^Med well with the inhibition 
formation, whereas «MSH had nTcffiS on Tn™ Jse^ved w it h dhe commercial product containing It 
activity using either crkerlon " ™SL c. ^£ K ° J ' C add lnhlb,te <* radioactive melanin formation 
hormone wori h^u^ a m e la^oX^!^ , ^ , ^ dramatica %. did the commercial produc? 
tor). In.contras ^i^UonZf ^^^TtH^ ZT^^ N ! acinamlde < als ° known as 3-pyridln- 
>r hydroqulnone. which are alternative sX,2£ £r T^™"*^! !^ Cln * and vJtami " B J. has been found 
tyrosinase, Jed to dramatlcTncreSrvkiWe mSn^ 1^ Z^*?™ by 8 free rad,ca! avenger mech- 
>roductlon(Figs. 1A. 1? r-ndS^u" rSS ^ in ? e ^ ^y-^^^ni-clnamldeli^dldnot . 
^ases in radioactive melanin l^SLSfSta IE SZTl! f "Oogenic activity at the 

md ID). This result Is to be eXS I dL, k« aJthou 8 h ^ commercial fonnu- 

mlabeled. and melanin p^uXn Sng Dopa^ 5 Sf^?S£ MPeC ? W "f 3 ^ 3 ^ ««nt™ttad 
substrate is increased At the same to ^L,^., n ^' blt me,ano eenic activity //7 Wrro. which sug- 

ompeted with the ("CltyrcSne ^uSr^wShSK S if 1 "' 2i acinamide was mo ^ a «lve or stabiein 
suinone. the raUonale ^^iaT oS ^KdrS^T P^^J" 08 - w * «»«^^ ^t the STOPR assay 

«ne is analogous to the early pu^nonfmodfS^r ? anappropriate , way *° scres " w^rcial products 
kinase that fater beSS Ttf 1 Se^^ht 35 ^ 85 ^ bi ° aC£Jve ^ents. 

lelanins. Hydroqulnone would increase visible mela- 

in formation but, since it is not labeled, radioactive TestJn S of Compounds in Tissue Culture 
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A) Radioactive melanin 




B) Radioactive melanin 
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FIG. 2. Invitro doc-blot radiometric assay of selected commercial formulations. Commercial skin whltcncrs and their active Ingredients 
were assayed in vttrv on purified tyrosinase. In quadruplicate, as detailed for Fig. 1: quantitation of dot blots Is shown In these graphs and 
Is reported us volume X 10 3 (control = 1% PEH). 



neian-a melanocytes with various compounds for 4 
lays, cells are harvested and four different parameters 
if cellular function are measured by microassay, 
lamely, effects on growth, on viability, on melanin 
*>ntcnt, and on melanin synthesis, as shown in Fig. 3. 
Chose assays are quantltated as detailed under Mate- 
iais and Methods and are plotted in Fig. 4. 
An important concept when selecting bioactlve 
ompounds that modulate skin pigmentation is that, 
or obvious reasons, they should have minimal el- 
ects on melanocyte proliferation and/or survival. In 
hese experiments, effects of treatment on cell 
rowth are noted visually (estimation of % convi- 
nce) (Fig. 4A). Effects on cell proliferation are as- 



sessed using the MTT assay (Figs. 3B and 4B), ef- 
fects on melanin content are measured by 
absorbance at 650 nm (Figs. 3C and 4C), and effects 
on the melanogenic activity are measured as I H C J ty- 
rosine incorporation into nascent insoluble melanin 
(Figs. 3E and 4D). As with purified enzyme, visible 
melanin on the dot blots can be measured (Fig. 3D). 
Results of melanogenic assays are reported In Phos* 
phorlmager measurements as arbitrary volume 
units. Effects on the melanogenic enzyme activity of 
melanocytes can differ from visible pigmentation af- 
ter 4 days of treatment, as discussed above. Further, 
melanogenic enzyme assays reflect direct effects of 
compounds on tyrosinase activity and/or other me- 



BEST AVAILABLE COPY 



VIRADOR ET AL. 



MSH 

DOPA 
Kojic acid 

Hydroqulnone 
Thimldine dimer 
Control 
St curve 

MSH 
DOPA 
Kojic add 

Hydroqulnone 
TWmldlne dimer 



Control 

MSH 
DOPA 
Kojic add 

Hydroqulnone 
Thimldine dimer 
Control 

MSH 
DOPA 
Kojfcacfd 

Hydroqutnone 
Thimldine di mer 
Control 




" — — — 



*> # $ 



MSH 
DOPA 
Kojic acid 

Hydroqulnone 
ThfmidJne dimer 
Control 



BEST AVAILABLE COrt 



A) Cell viability 



8 

C 

o> 

3 
C 

o 

u 



control cr-MSH* OOPA Thymidine Kolfc Hydro- Arbutln 
cimer acid qulnone 




B) Cell proliferation 




: mm 




C) Total melanin 



a 




D) Radioactive melanin 



X 

o 

E 

5 



■ 1 mg/mJ 
El 0.2 mg/ml 
13 O.Wmgrmi 




Concentration (mg/ml) 

3easured by the MTT assay (f rom F?g. 3B fc ?Q totel me^in^emtent ^^^u j»nfluenee of cells prior to harvest; (B) cell pn,«fe ra rJprZ 

jebnln formation, measured as volume X 10 ' ^^^30 ^^' ^^""? Bt , 65 ° V ™ 3C): ^ ™ 

Iways less than ±5% of the mean. * ' Kach va,UB shown represents the mean of quadruplicate assays: SE were 



JghO. except for o-MSH which was tested at 50. 10 and2 nM ££«i^?tM . , 0eft ^ each •""tf' 02 (mWtUc >- ^ °<W mg/ml 
jsay; (B) cell viability and proliferation, mcWred b^hc ^^IcKl^l™^^^' tttracls ' mca5ured b > BCA 
* nm; (D) vls.ble melanin (as shown ta Fig. 1 A): £ ^ESSS ElS SS^X'"' "* " at 
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m^r'JL^^ nC f 0f T^" 1 " ■? Cdl extracts ' esrtracte from treated cells (In the format shown Tor Fig. 3D) were scanned In a 

extracts ^^ SmS^^^^^^^^ represendng 3 different concentrations of arbutln-trea£d cells; <B) scans of 
relattvSv 1 lrT^^!^^t with l other te5t «™P™nds. as well as untreated controls, at 3x higher sensitivity. Note the 

a?tt nif0nn ^sorbanceofmelamn across all wavelengths, but variation In readings Is approximately twofofd gre^aMW nm thTn 



lanogenic enzymes, while cellular melanin contents 
also reflect turnover, accumulation, and distribution 
of melanin associated with cellular proliferation. 

In preliminary experiments, differences in melanin 
absorption at 490 and 650 nm were assessed since each 
wavelength has been suggested to be optimal in earlier 
studies (50). Although both wavelengths were in fact 
^uite accurate in estimating melanin content, there 
j/as less variability at €50 nm than at 490 nm resulting 
rom variabiiity in the color of melanins produced in 
he samples (Fig. 5). Absorption at 650 nm seems to be 
he best compromise to assess melanin content under 
ill conditions. 

Compound solubility in tissue culture medium was 
ometJmes a significant problem at higher concentra- 
tor*. Commonly used vehicles were tested for cytotox- 
:ity in culture, and PEH and DMSO at nontoxic con- 
entrations were finally selected as optimal choices. 



Consideration of compound solubility is an important 
criterion, since drug design coupled to crystaliographic 
visualization of the target site can lead to the develop- 
ment of drug candidates with potent biological activity. 
However, many of these are subsequently found to 
have poor solubility, poor bioavailability, and/or to be 
extensively metabolized and inactivated. The choice of 
vehicle itself is also relevant; e.g.. PEH itself has been 
shown to stimulate melanogenesis in Cloudman S91 
mouse melanoma cells at concentrations of 100 mM 
and higher (51). In this study, a low concentration of 
PEH was used and no induction of melanogenesis in 
PEH controls above background was observed. 

Three compounds that have been reported to stimu- 
late melanocyte production of melanin were examined 
(MSH. Dopa, and thymidine dimcrs) as welT as three 
putative inhibitory compounds (arbutin, kqjic acid, and 
hydroquinone). Of the potential stimulatory agents 
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tested. MSH had a slight stimulatory effect on cell CONCLUSIONS AND IMPLICATIONS 
number estimated by percentage of confluence (Fig. r . , . J , 

4A) and on cellular proliferative potential (Fie 4B) u /" com P ounds (synthetic or natural products) 
Note that MSH was used at physiological concentra- . used by dermatologists to improve the cos- 

tions (I.e.. 50. 10. and 2 nM) rather than at the stan- n ? ehc ji a PP earan « of patients who have pigmentary 

dard concentrations used for other compounds MSH I disorders. Compounds such as hydroqulnone are 

elldted a significant increase in melanin content (Fig ,"T) "S™?"? de P , S mentation . ™»«y due 

4C) and an even more dramatic stimulation aS ££2£3£ r^SST f'T^ 

genie activity (Fig. 4D). Stimulation of oroliferative concentrat,ons - Instruction of melanocytes leads to 
potential by MSH has been pSEa£ reported «2) o f ~nstituUve pigmentation and the 

Wmpnr nT ,'!> P rev, ° us, .y reportea p<y. need to find reliable assays to develop and evaluate 

celTTumbTr TnfnS^tZ " iTf deB ~ hl ln new ingredients fo/Lmetlc and/or pharTaS 

cen nurnoer and proliferative potential, presumably | oglcal use te ^delv recoEnized In the case of skin 

hi product.on of melanta (and toxic melanogenic inter- standardize procedures so that the7afety^nd^ffi«S 

Dotfwh^ (5 !' 54) - Add,U ° n ° f 0f new and compounds Sn £ ^periy ev32 

Dopa. which can function as a substrate and as a ated. 

S f HS r ^ f w r0S,na 1 e 3S " 0ted ab ° ve - melanocytes The STOPR protocol consists of two main steps: (1) 
vklhi™! f^?* 5 In . enj ^ e (P'B- 4D > a "d testing of effects on melanogenesis in vitrv, for which a 

)Sf formation (Fig. 4Q at the lowest con- simplified dot-blot melanogenesis assay was developed, 

centratlon. as might be anticipated based on the re- and (2) testing of melanocytes in culture, for which a 
suits presented above. It has been suggested that Dopa battery of additional tests in microliter plate format 
can cause membrane damage and release of tyrosinase was developed. Various modifications of the STOPR 
into the culture medium (55), causing cell leakage and protocol have been tested over the past 2 years and its 
reduction of protein levels. current form has been streamlined and optimized for 

Thymine dinudeoUdes have been reported to sOmu- speed, economy, reproducibility, and accuracy. The to- 
late melanin production in vivo (56). and so the effect of tal time required for culture assays per compound for 
thymidine dJmers. the actual DNA photoproduct gen- an experienced worker Is ~3 h (from weighing of com- 
erated by UV. on melanocyte function was tested. Thy- pound to obtaining final data). The total cost per com- 
midlnedimers slightly inhibited growth of melanocytes P ound for **» full series of assays would be $20 at 
at higher concentrations (Figs. 4 A and 4B) but led to a current price levels. To maintain maximal reproduc- 
decrease In melanin content (Fig. 4C) and in melano- ibili «y. special attention should be paid to: (1) melano- 
genic activity (Fig. 4D). It should be noted that stimu- < y te Passage number (upon prolonged passage, cul- 
lation of melanogenic activity and melanin production tured melanocytes tend to lose their pigmentation and 
has occasionally been noted In some experiments, par- thelr response to regulatory agents) and (2) cell density 
tlcularly when the data are corrected for protein con- Cp'atcs are seeded at the same density and treated at 
tents, and further study will be necessary to character- standard times as noted during cell log phase because 
ize these variable effects. contact inhibition of melanocytes leads to cellular qul- 

Interestlngly. the three Inhibitors examined, arbu- esce . nce and spontaneous increases in melanin produc- 
ts, kojlc add. and hydroqulnone. had significant In- T" 

hibitory effects on melanocyte viability (Fig 4A) and e assays in *** ST °PR protocol are based 

proliferation (Fig. 4B). particularly at the higher con- °? ,ar 8 er - scale assays for tyrosinase activity or mela- 
centrations. All three compounds decreased total mela- ™ ntent that *™* been routinely utilized in com- 
nln content (Fig. 4C) andTnhibited melanogenic en- f£ f"^ " 8 (2 «' 3 ,?' ?' M) ' WhUe 0thers have 
lyme activity (Fig. 4D).Itshould be noted that the data £!? f* 9 ?* ^^"V"** from our 

for melanin content and enzyme activity have not been ' ^i*™*' was mod " 

*>rrected for protein content in the pr^nScTof ^^^^^^^^^^^ 
:hese results, and this may be a slmificantfactor wh«I streamline processing and to take advantage of au- 
iiere are significant eS on meSc^ ^th ^omated equipment available to handle such testing 

sin content can^relK fo ™ at - *« * «"« agreement t£ 

as shnwn in TpiJ ia \ a . y BCA ^ ay tween results obtained with this new melanonenic as- 

oris^cted wl?h k™^ ^ standard curves can be assay, which uses 3 MM filter papers and a sclntflla- 
onstructed with known me lanin concentrations and tion counter to measure "C-labeledinsoluble melanin 

ented in whatever units are needed. can readily assess melanogenic effects on 96 samples In 
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a single blot, and the effects can be easily quantitated 
using a Phosphorlmager if one is available. Either 
method can be Implemented depending on instrument 
availability, but with the original technique, process- 
ing of 200 assays would require an entire work day. 
Using microUter plates, productivity of the same 
worker can easily be increased fivefold, with significant 
reductions in number of cells, compounds, and radio- 
active materials required. 

After screening of candidate compounds has been 
performed with the STOPR protocol, promising bioac- 
tiv*es may be tested in a model system comprised of 
melanocytes/keratinctytes in coculture or in a syn- 
thetic skin model system since tissue homogenates 
cannot reflect transport of compounds through intact 
skin. We are currently investigating the feasibility of 
further functionaS testing of candidate compounds in 
such physiological skin models. 
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ABSTRACT 

Albinism, due to a lack of melanin pigment, is one of 
the oldest known mutations in mice. Tyrosinase 
(monophenol oxygenase, EC 1.14.18.1) is the first 
enzyme In the pathway for melanin synthesis, and the 
gene encoding this enzyme has been mapped to the 
mouse albino (c) locus. We have used mouse 
tyrosinase cDNA clones and genomic sequencing to 
study the albino mutation In laboratory mice. Within the 
tyrosinase gene coding sequences, a G to C 
transversion at nucleotide 308, causing a cysteine to 
serine mutation at amino acid 103, is sufficient to 
abrogate pigment production in transgenic mice. This 
same base pair change is fully conserved in classical 
albino strains of laboratory mice. These results Indicate 
that a conserved mutation In the tyrosinase coding 
sequences is responsible for the classical albino 
mutation in laboratory mice, and also that most albino 
laboratory mouse strains have been derived from a 
common ancestor. 

INTRODUCTION 

Tyrosinase (monophenol oxygenase, EC 1 .14. 18.1) is a copper 
containing glycoprotein that catalyzes the oxidation of tyrosine 
to 3 ,4-dihydroxypheny lalanine (L-dopa), and the dehydrogenation 
of L-dopa to dopaquinone (1). Dopaquinone is a precursor in 
the synthesis of black and yellow melanin (eumelanin and 
pheomelanin, respectively) (2,3,4). The absence of melanin 
results in oculocutaneous albinism (5,6). In mice, mutations at 
the c (albino) locus on chromosome 7 have been found to be 
associated with diminished tyrosinase activity (7) and recently 
Kwonetal. (8) showed that the mouse c-locus encodes tyrosinase. 

Mouse tyrosinase cDNA clones have recently been isolated 
by three different laboratories (9,10,11). Two of these clones, 



Tyrs-J (9) and pmcTyr-1 (1 1), were isolated from cDNA libraries 
derived from pigmented cells of the C57BL/6 mouse strain. These 
cDNAs were shown to be functional both in vitro (11,12) and 
in vivo (13, 14). In contrast, the coding region of MTY81 lc (10) 
was created by ligation of promoter/exon I sequences from an 
albino (BALB/c) mouse genome to 3' cDNA sequences isolated 
from Cloudman S-91 melanoma cells (DBA/2 origin). The coding 
sequences of Tyrs-J and MTY81 ic were found to differ at only 
two sites (compare TyBS and Ty811B in Fig. 1) (12). At 
nucleotide 308, Tyrs-J encodes a G while MTY811c shows a 
C resulting in a cysteine to serine change at amino acid 103. This 
region of MTY81 lc was isolated from the BALB/c genome. The 
other nucleotide difference is located at nucleotide 956, which 
is a C in Tyrs-J and a T in MTY81 lc. This substitution predicts 
a glycine to valine amino acid change. Because the region of 
MTY81 lc that encodes amino acid 103 was isolated from an 
albino mouse genome, because this cysteine is a conserved amino 
acid of mammalian tyrosinase genes (1 1), and because this amino 
acid substitution has previously been proposed as a possible 
candidate for the albino mutation (15, 16), we tested whether 
a cysteine to serine conversion at amino acid 103 was sufficient 
to inactivate tyrosinase minigenes in transgenic mice. We also 
sequenced the corresponding region of the genome for other 
albino strains of laboratory mice to determine if the G to C 
transversion at nucleotide 308 was conserved. 

METHODS 

Tyrosinase mintgene constructions 

MTY811H (B. S. Kwon, unpublished) contains the MTYBllc 
tyrosinase cDNA (10) plus BALB/c genomic sequences located 
upstream from the mouse tyrosinase gene. A 4.1 kb fragment 
of MTY81 1H was isolated after complete digestion with £c#Rl 
and partial HindHl digestion. This fragment was subcloned into 
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a HindnifEcoRl digest of pBluescript KS(-) (Stratagene) to give 
pTY81 IB (Fig. 1). In order to use the cDNA pan of Tyrs-J, 
a 1.85 kb XhoVEcoRl cDNA fragment from Tyrs-J ( 1 2) was used 
to replace the analogous cDNA region of MTY811H. 
Subsequently, the homologous 4. 1 kb HindUl-EcoKl fragment 
was subcloned into pBluescript KS(-) to give pTyBS (Fig. 1). 
To generate chimeric constructs, pTyBS and pTY81 IB were both 
digested with Seal. Both plasmids contain one Seal site in the 
tyrosinase sequences and one in Bluescript. The 5' tyrosinase 
sequences of pTy81 IB were ligated to the 3' sequences from 
pTyBS to give pTY8UD, and vice versa for pTy81 1C. The Seal 
site in Bluescript is located within the amp r gene, allowing the 
desired orientation of ligation to be selected by culture on 
ampicillin plates. pTy8 1 1C has the Tyrs-J coding region at amino 
acid 103, while pTy811D has the MTY811c sequences (see 
Fig. 1). These coding regions were confirmed by double-stranded 
dideoxy sequencing. The Seal ligation sites were also sequenced 
and shown not to contain any insertions, deletions, or base pair 
changes. Note that pTy811C is not the same as MTY811c. 

Generation of transgenic mice 

Transgenic mice were generated by the standard technique of 
microinjection into single cell mouse embryos (17). FVB/N 
female mice mated to FVB/N males were used as embryo donors. 
ICR females bred to vasectomized BDF1 males were used as 
embryo recipients and surrogate mothers. 

Southern hybridizations 

Tail DNAs from potential transgenic mice were isolated as 
described previously (17). DNAs of common laboratory mouse 
strains were purchased from Jackson Laboratory (Table 2, all 
strains except FVB/N and ICR/Hsd). Aliquots (10 /tg) of genomic 
DNA were digested with Pstl or £eoRI, then electrophoresed 
through a 0.8% agarose gel and transferred to a nylon membrane 
(Zeta-probe, Bio-Rad). A 1.9 kb of BglU-EeoKl fragment of the 
mouse tyrosinase cDNA clone MTY81 lc (10) was labelled with 
32 P-dCTP by the random primer method (18) and used as a 
hybridization probe. Hybridizations were done in 5x SSC, 5x 
Denhardt's and 45% formamide at 42°C overnight (1 x SSC is 
150 mM NaCl, 15 mM Na citrate). Hybridization membranes 
were washed to a final stringency of 0. 1 xSSC, 0. 1 % sodium 
dodecyl sulfate at 65°C. 

Polymerase chain reaction and DNA sequencing 
The first exon of the tyrosinase gene was amplified directly from 
genomic DNA by use of the polymerase chain reaction (PCR) 
(19) with oligonucleotide primers, 5 ' -GGGGTTGCTGG AAAA - 
G AAGTCTGTG-3 ' (nucleotides -73 to -49 in tyrosinase exon 
1) and 5 AACTCTCTCTATATAGTGCATCTT-3 ' (ami sense 
to sequences of tyrosinase inton 1). Amplification conditions 
were: denamration for 30 sec at 92°C, 1 min annealing 62°C 
and 2 min polymerization at 72°C for 30 cycles. The reaction 
products were diluted with an equal volume of H 2 0 and an 
equal volume of 7.5M ammonium acetate, followed by 
precipitation with 2.5 volumes of ethanol. After centrifugation, 
precipitates were washed in 75% ethanol, dried, and resuspended 
in 8 ft\ of H 2 0. The sequencing primer 5 ' -TGCTAAAGTG- 
AGGTA AG A A A AG AAC-3 ' (nucleotides 423 to 399 in 
tyrosinase exon 1) was end-labelled with y 32 P-ATP using 
polynucleotide kinase, then purified using an NENSORB™20 
column as described by the manufacturer (New England Nuclear). 
PCR-amplified template DNA was alkali denatured, annealed 



with the end-labelled primer, and subjected to dideoxy sequencing 
(Pharmacia ""sequencing kit) using the manufacturer's protocol. 



RESULTS 

A cysteine to serine substitution at amino acid 103 inactivates 
tyrosinase minigenes 

To investigate the importance of the amino acid differences 
between Tyrs-J and MTY81lc, four different tyrosinase 
minigenes were made (TyBS, Ty81 IB, Ty81 1C and Ty8! ID) 
(see Fig. 1). AH four constructs have the same 2.25 kb of 
upstream regulatory sequences including the first 65 base pairs 
of exon 1 . Attached to this region, the four constructs have coding 
sequences derived from either MTY811c or Tyrs-J. TyBS 
contains an Xhol-EcoRl fragment from clone Tyrs-J; it encodes 
cysteine at amino acid 103 and glycine at amino acid 346. Ty8 1 1 B 
contains the corresponding Xhol-EcoKL fragment from MTY81 lc 
encoding serine at amino acid 103 and valine at amino acid 346, 
Ty8I IC and Ty81 ID are chimeric constructs, each containing 
one end from Tyrs-J and the other end from MTY81 lc, ligated 
at a central Seal site (see Fig. 1). Ty81 1C codes for a cysteine 
at amino acid 103, while TY81 ID codes for a serine. 

Each construct was isolated as a Kpnl-EcoKl fragment and 
microinjected into one-cell stage fertilized FVB/N (albino) 
embryos. Embryos that survived injection were implanted into 
pseudopregnant ICR (albino) females and the offspring were 
screened for integration of the tyrosinase minigenes by Southern 
hybridizations to tail DNAs (Fig. 2, summary in Table 1). Head- 
to-tail integration of the microinjected DNA yields a diagnostic 
hybridization band at 4.1 kb after digestion with Pstl (Fig. 2). 

AD nine mice that were transgenic for Ty81 1 B or Ty81 1 D were 
albino (Table 1). By contrast, the TyBS and Ty81 1C constructs 
each produced pigmented transgenic mice (Table 1). The only 
difference between TyBS and Ty81 ID, and similarly between 
Ty81 1 C and Ty81 1 B is a cysteine to serine change at amino acid 
103. 
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Fig. 1. Tyrosinase minigene constructs (TyBS. Ty81 IB, Ty8l 1C and Ty8l ID). 
All four constructs have an identical 2.25 kb tyrosinase promoter (single line) 
plus 65 bp of tyrosinase exon I (to the Xhol site). The cDNA regions are derived 
from MTY81 lc (open box) or from Tyrs-J (shaded). 
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Pigmented transgenic mice 

FVB/N mice are an inbred strain of mice that are homozygous 
mutants at the albino locus, but are wild-type at the agouti, brown 
and dilute loci (P. A. Overbeek, unpublished). Full expression 
of a functional tyrosinase minigene would be expected to convert 
the albino phenotype to an agouti pigmentation. However, the 
transgenic mice obtained with both the TyBS and Ty811C 
constructs showed considerable variation in their pigmentation. 
The coat colors were found to range from grayish (similar to 
the pigmentation of chinchilla (c** 1 ) or dilute (d) mutants) to 
brownish (see Fig. 3). None of the mice were black. Similarly, 
the intensity of the pigmentation varied from barely visible to 
near normal (Fig. 3A and 3C). One TyBS mouse and four 
Ty81 IC mice were mottled (Fig. 3A and 3C). All four TyBS 
transgenic mice and eight out of the 14 Ty81 1C transgenic mice 
had dark eyes at birth and were immediately identifiable as 
transgenic mice. Three other Ty811C mice showed light 
pigmentation in both fur and eyes by 14 days of age (Fig. 3C, 
mice 4,5, & 6). None of the initial TyBS or Ty81 IC mice showed 
normal agouti pigmentation. However, pigmented male and 
female offspring of the mottled TyBS female show normal agouti 
pigmentation (Fig. 3B), implying that the founder mouse is 
mosaic and also that the TyBS minigene is sufficient to produce 
normal agouti pigmentation. 
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A conserved mutation in albino mouse strains 
Our tyrosinase minigene study suggests that a G to C mutation 
at nucleotide 308 is sufficient to inactivate the tyrosinase gene. 
To determine whether a similar mutation is present in other albino 
mouse strains, the corresponding region of the genome was 
sequenced for a collection of pigmented and albino mouse strains. 
The albino strains were selected to include inbred and outbred 
mice of various origins. The first exon of the tyrosinase gene 
was amplified using the polymerase chain reaction (PGR) (19). 
The region surrounding nucleotide 308 was then sequenced 
directly by use of a M P end-labelled internal primer (Fig. 4A). 
All of the classical albino strains examined (see Table 2) were 
found to have a C rather than a G at nucleotide 308 of the coding 
strand of tyrosinase (for example, see Fig. 4B). By comparison, 
all pigmented mouse strains examined (Table 2) have a G at this 
position. Both the clc and e/c** variants of strain 129/J were also 
sequenced (Fig. 4C). Heterozygous clc* mice show both C and 
G nucleotides at position 308, while homozygous c/c mice encode 
only serine. The G to C transversion exhibits 100% concordance 
with the classical albino phenotype. 

Mouse strain CE/J, which has the c* (extreme dilute) mutation 
at the albino locus, encodes a cysteine at amino acid 103 (Fig. 
4Q, indicating that the c* mutation lies elsewhere in the 
tyrosinase gene. We also sequenced the more recently established 
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Fig. 2. Southern hybridization analysis of tail DNAs from TyBS and Ty8l ID founder mice. Tail DNAs were digested with Psfi, fractionated by agarose gel dcctrophoicsis 
transferred to a Zeta-probe membrane and hybridized with a tyrosinase cDNA probe. The tyrosinase minigencs have a single Pstl restriction she DNAs from the* 
first s« newborns injected with TyBS are shown in the left panel; DNAs from the eight newborns injected with Ty8llD are shown on the right. FVB and C3H 
albino and pigmented noo-transgenk control mice. TyBS mice: Janes I and 2. DNAs from albino mice; lanes 3-6, DNAs from pigmented mice. All of the Ty 81 ID 
mice were albino. Exposure time for TyBS lanes 4 to 6 was 3 hours. All other lanes were exposed for 18 hours. 



Table 1. 



Tyrosinase minigene 


No. of 


No. of 


No. of 


construct 


newborn mice 


transgenic mice 


pigmented mice 


TyBS 


6 


4 


4 


Ty81IB 


23 


3 


0 


Ty81IC 


39 


14 


11 


Ty81ID 


8 


6 


0 



Pigmentation in transgenic mice generated with the different tyrosinase minigenes. Injections 
of Ty81IB and Ty81 ID generated a total of 9 transgenic founder animals, none of which 
were pigmented. Injections of TyBS and Ty81 IC yielded 18 transgenic mice. 15 of which 
(83%) were pigmented. 
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Fig. 3. Photographs of pigmented TyBS and Ty8l 1C mice. A. TyBS transgenic mice. Mice I -5 correspond to Fig. 2, TyBS lanes 1-5. Two mice (4 and 5) 
show a grayish coat color. One mouse ( tt 3) is mottled. B. The mottled TyBS founder mouse (panel A. mouse # 3) and one of its offspring. C. Ty81 1C pigmented 
founder mice. One mouse ( fl 2) shows a grayish coal color. Three mice (1,7, and 9) have brownish fur. Three mice (4. 5, and 6) show light pigmentation. One 
of these mice ( #4) has darkly pigmented ears and tail similar to himalayan (c*) mutants. Four mice (3, 8, 10 and II) are mottled. 



albino mouse strains C3H/HeJ-c 9 \ CBA/N-c'°\ and 
C57Bl710SuJ-c lu . These strains all have a G at nucleotide 308 
(Table 2) indicating that their mutations lie elsewhere in the 



tyrosinase gene. The c"' strain was found to have an A rather 
than a G at nucleotide 230, resulting in an Arg to Leu change 
at amino acid 77. 
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Fig. 4.A. Sequencing of the classical albino mutation. Schematic of PCR 
amplification and sequencing. Two oligonucleotide primers were designed to 
amplify the whole coding region of tyrosinase exon 1 by PCR. Sequencing was 
performed using an internal primer with an antisense orientation. B. Nucleotide 
sequences of albino (SJIVJ, SWR/J and AKR/J) and pigmented (C3H/HcJ and 
DBA/2J) mouse strains. The antisense sequences for the nucleotides that encode 
amino acids 102 - 104 are shown. The corrcspooding coding sequences are AA- 
CTGTAAG (asn cys lys) for the pigmented strains and AACTCTAAG (asn ser 
lys) for the albino strains. The coding sequence G to C transversion is located 
at nucleotide 308. The arrow indicates the site of the conserved mutation. C. 
Nucleotide sequences of other c-locus mutants. 129/ J clc is homozygous for the 
classical albino mutation. 129/ J c/c** is heterozygous for the albino and chinchilla 
mutations and shows both C and G bands at nucleotide 308. The <? (extreme 
dilution) mutation in strain CE/J does not alter the cysteine at amino add 103. 



DISCUSSION 
Classical albino mutation 

The ability of tyrosinase minigenes to induce pigmentation in 
transgenic mice has been reported previously (13,14). The 
previous tyrosinase constructs encoded a cysteine at amino acid 
103 and were linked to regulatory sequences from the genomes 
of pigmented mouse strains (C57BL/6 and 129/J respectively). 
Our tyrosinase minigenes were linked to 5' upstream regulatory 
sequences from the genome of an albino (BALB/c) strain of mice. 
Both the TyBS and Ty811C constructs produced pigmented 
transgenic mice, implying that the BALB/c promoter region is 
functional and that albinism in BALB/c mice is not due to a 
defective promoter. The minigenes TyBS, Ty81 IB, Ty81 1C and 
Ty81 ID were constructed to test whether specific point mutations 
within the coding sequences of tyrosinase could inactivate the 
gene. The absence of pigmentation in mice transgenic for Ty81 IB 
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Table 2. Coal color and nucleotide 308 comparison in pigmented awl albino mouse 
strains. 



Mouse strain 


Coat color 


Nucleotide 

308 (sense strand) 


Pigmented strains 






AU/SsJ 


Black 


Q 


C3H/HcJ 


Agouti 


G 


C57BL/6J 


Black 


G 


C57BR/cdJ 


Brown 


G 


C57L/J 


Leaden 


G 


C58/J 


Black 


G 


CBA/J 


Agouti 


G 


DBA/2J 


Dilute brown 


G 


NZB/B1NJ 


Black 


G 


P/J 


Pink-eyed fawn 


G 


SM/J 


Lignt-oeuied 


G 


WB/RcJ-W 


Agouti 




Black 




Classical albino strains 






A/HeJ 


Albino 


c 


AKR/J 


Albino 


C 


BALB/cByJ 


Albino 


C 


FVB/N 


Albino 


C 


NZW/LacJ 


Albino 


C 


SIL/J 


Albino 


C 


SWR/J 


Albino 


C 


129/J 


Albino (c/c) 


c 




Oiinchilla {cf<? ") 


C and G 


ICR/Hsd* 


Albino 


C 


Other strains 






OH/HeJ-c 9 ' 


Albino* 


G 


CBA/N-c ,(U 


Albino* 


G 


C57BU10SuJ-c nJ 


Albino* 


G 


CE/J^) 


Extreme dilute 


G 



* Outbred strain 

* Albino mutations identified in pigmented strains of mice 



and Ty811D might be due to; 1) lack of expression of the 
transgenes, 2) artifacts introduced during the cloning procedure, 
or 3) inactivation of the tyrosinase genes by the cysteine to serine 
mutations. Our tyrosinase minigenes were constructed to give 
transcripts that were identical to the endogenous transcripts in 
order to eliminate any artifacts due to inappropriate sequences. 
We have not tried to document directly Ty811B or Ty811D 
expression. However, since the two constructs differ by only 
single nucleotides from TyBS and Ty8UC, the frequencies of 
expression are expected to be equivalent. Over 80% of the 
founder mice that carry TyBS or Ty81 1C show expression and 
pigmentation. Thus, we feel that the lack of pigmentation in all 
nine Ty81 IB and Ty81 ID families is not likely to be due to lack 
of expression in every family. In order to check for cloning 
artifacts, important regions of Ty811B and Ty811D were 
sequenced. The only base pair changes detected were the G to 
C mutations at nucleotide 308. Thus, the most likely explanation 
for the absence of pigmentation in the mice transgenic forTy8llB 
and Ty81 ID is that the cysteine to serine changes at amino acid 
103 are sufficient to inactivate the tyrosinase minigenes. 

The region of the genome that encodes cysteine 103 was 
sequenced in a variety of pigmented and albino strains of mice 
(Table 2). All of the classical albino strains showed an identical 
G to C transversion at nucleotide 308, resulting in 100% 
concordance between classical albinism and the presence of a 
serine at amino acid 103. Our experimental results are fully 
consistent with the proposal that a missense mutation at amino 
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acid 103 is the cause of the classical albino mutation in laboratory 
mice. 

Tyrosinase promoter 

Our tyrosinase minigenes contain 2.25 kb of 5' upstream 
regulatory sequences. This is a shorter regulatory region than 
that used by either Tanaka et a). (13) or Beerman et al. (14). 
The shorter promoter can function at most sites of integration 
in the genome (83% pigmentation in the TyBS and Ty811C 
founder mice) and can be sufficiently active to yield full agouti 
pigmentation (Fig. 3B). Integration of a high number of copies 
of the tyrosinase minigene is not required to give agouti 
pigmentation. The founder mouse for the fully pigmented family 
had the lowest copy number of the original set of TyBS transgenic 
mice (Fig. 2), and the fully pigmented offspring (Fig. 3B) carry 
only 2-4 copies of TyBS per genome (data not shown). The 
tyrosinase promoter can function in both melanocytes (neural crest 
origin) and pigment epithelial cells of the retina (neuroectodermal 
origin). In addition, the promoter appears sufficient to provide 
appropriate developmental regulation of gene expression, 
including induction of pigmentation in the retinal pigment 
epithelial cells by day 13 of embryonic development (data not 
shown). 

Coat color 

Mice that are transgenic for the tyrosinase minigenes TyBS and 
Ty81 1C show considerable variation in their pigmentation. We 
have generated over SO additional pigmented transgenic families 
with the TyBS construct, and the additional families show the 
same variability of pigmentation (data not shown). Some of the 
families show full agouti pigmentation (e.g. Fig. 3B), implying 
that the tyrosinase minigene is sufficient to produce normal levels 
of both eumelanin and pheomelanin. Further mating studies have 
revealed that the tyrosinase minigene can give normal black or 
brown pigmentation on the appropriate non-agouti genetic 
backgrounds (P. A. Overbeek, personal observation). Less 
intense pigmentation is seen in most families. Of particular 
interest is the fact that some families show pigmentation similar 
to chinchilla (c**) mutants, while other families have dark ears 
and light bodies, a phenotype also produced by the himalayan 
(c*) mutation. The chinchilla mutation lies in the tyrosinase 
coding sequences at amino acid 464 (14). Himalayan mutants 
have a temperature sensitive tyrosinase and have been reported 
previously to have a His to Arg amino acid change at position 
420 (20). For the transgenic mice, the variable patterns of 
pigmentation are likely to reflect different levels of transgene 
expression from different sites of integration in the genome. 
Considered together, these observations suggest that nearly 
identical mutant pigmentation patterns can occur as a result of 
alterations in either the coding sequences, or the transcriptional 
regulation, of the tyrosinase gene. About 15% of the families 
transgenic for TyBS or Ty811C do not show pigmentation, 
perhaps due to rearrangements of the transgenic DNA during 
integration or integration into inactive regions of the genome. 

Common ancestor 

The classical albino strains of mice that we examined included 
both inbred and outbred strains. All had an identical G to C 
transversion at nucleotide 308. In contrast, the more recently 
identified albino mutations c 9J , c 1(u , and c 111 did not show the 
same mutation. The c nj albinism may be due to an Arg to Leu 
change at amino acid 77. These sequencing results imply that 
mutations other than the G to C transversion at nucleotide 308 



can cause albinism. Since the classical albino strains of mice all 
exhibit the same G to C transversion (Table 2) and the same 
EcoKl haplotype (data not shown), the data imply that these mice 
are all derived from a common ancestor. Although classical albino 
strains of laboratory mice were derived by a variety of 
investigators at different times and different locations (17), they 
all appear to be offspring of a single albino ancestor. 

Jackson and Bennett (21) have reached similar conclusions 
based on their studies of pigmented revertants of a cultured line 
of albino melanocytes and studies of a Dde\ polymorphism at 
nucleotide 308. 
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